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General introduction
Imagine the following situation: it is a sunny Sunday morning and you are having 
breakfast with your family. The table is full w ith food and service: plates, tea cups, 
bread, eggs, jars with jam and peanut butter, fruit.... Somewhere between chatting and 
drinking your tea, you decide to have toast with jam. Oops, you forgot to put the 
cutlery on the table, so you walk to the kitchen to get it. Back at the breakfast table, 
you hand some cutlery to a family member and start making your toast w ith jam: you 
grasp the jar with the jam, open it, and use your knife to prepare yourself toast with 
jam.
Introduction
Figure 1. Breakfast
Probably, imagining this situation was not very difficult, and performing the actions 
described above (grasping a cup to drink, handing over cutlery) is something we do 
many times during a day. The topic of this thesis is how we plan these actions. 
Although this may seem very obvious and simple, planning (and also controlling) 
actions requires that we integrate several sources of information about the
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characteristics of the object (e.g., where is the object? How big is it? How heavy is it? 
What is the best place to grasp it? Is it filled with hot coffee?), our own action system, 
including the arms and hands (e.g. how far can I reach? How big is the movement I 
need to make? Do I need one hand or both hands to grasp the object? How far do I 
have to open my hand?), and the context of the action (e.g., what is the function of the 
object? What do I intend to do with the object after grasping it? Am I going to use it 
myself or will I hand it over to another person?). Planning isn't that simple, after all!
In addressing these issues, this thesis is divided in three main themes: (1) 
action planning, (2) action planning in individuals with Cerebral Palsy, and (3) action 
planning and motor imagery. The first theme of this thesis is about how actions are 
planned in advance. This is especially important in sequential actions, when objects are 
grasped with the purpose to perform a subsequent action with it, like grasping cutlery 
to use it for eating. Appropriate planning implies that the initial posture when taking 
hold of the object is adapted to the upcoming movement. In chapter 1 we investigated 
how people use visual information for action planning. The second theme of this thesis 
is action planning in a group of individuals with congenital movement disorders: 
Cerebral Palsy (CP). We investigated how they use visual information for action 
planning (chapter 2), and how action planning develops in children with (and without) 
CP (chapter 3). The third theme concerns Motor Imagery, i.e., the ability to mentally 
simulate movements (that is, what you did when imagining the breakfast scene!). As 
the ability to mentally perform movements may be a prerequisite for action planning, 
we investigated motor imagery abilities of participants with CP (chapter 4). In chapter
5 we reviewed the possibilities to use motor imagery for rehabilitation in CP. Finally, 
we investigated the specificity of motor imagery training in stroke patients (chapter 6). 
In the remainder of this introduction, the three themes will only be described briefly. A 
more in depth discussion can be found in the subsequent chapters
Theme 1: Action Planning
1.1 What is action planning?
Broadly defined, action planning entails the ability to anticipate the forthcoming 
perceptual-motor demands of the action goal when a first movement towards an 
object is made (Marteniuk et al., 1987; Gentilucci et al., 1997; Johnson-Frey et al.,
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2004). This becomes particularly evident in sequential tasks and in tasks that involve 
the use of tools. Here, objects are picked up with the purpose to produce a specific 
action with the object (for example, grasping a pencil to write) and the way in which an 
object is initially picked up is indicative for the way in which individuals plan the end of 
the task. This may be exemplified by the way in which people grasp cups. If we grasp a 
coffee cup that is placed upside down, in order to pour coffee in it, most people will 
use a relatively uncomfortable supinated grip to grasp the cup. However, at the 
completion of the movement, i.e., after rotation, the cup is held with a comfortable 
(pronated) grip. This preference of people to adapt the initial posture in order to end 
movements in a comfortable posture has been labelled the 'end posture comfort 
effect' (Cohen & Rosenbaum, 2004; Rosenbaum et al., 1992). A major advantage of 
ending movements in a comfortable posture is that the arm is held in the middle range 
at the end of a movement, allowing precise manipulative movements (Short & 
Cauraugh, 1999). As such, action planning can be measured by evaluating the grip 
types used to start and end movements. In the 'posture based motion planning' model 
(Rosenbaum et al., 2001) it is assumed that when planning movements, first an end 
posture is chosen from a set of stored postures. Second, the specific movement that is 
needed to reach that end posture is planned. Thus, for action planning a goal hierarchy 
is present: the end goal is most important, and the intermediate goal is adapted to the 
end goal (e.g., the start posture is adapted to the end posture).
1.2 Visual information for action planning
Action performance largely depends on visual guidance. Much research has been done 
to investigate different streams that process different sorts of visual information used 
for action guidance. Ungerleider and Mishkin (1982) proposed a dual model consisting 
of a dorsal ("where") stream processing information about the location of an object 
and a ventral ("what") stream, processing information for conscious object 
identification. Since then other models have been proposed, among which the 
Perception-Action-Model of Goodale and Milner (1992; Milner & Goodale, 1995, 2008) 
is the most researched.
The Perception-Action Model describes two functionally and structurally 
different visual systems: a ventral stream processing 'vision for perception' and a 
dorsal stream processing 'vision for action' (Goodale & Milner, 1992; 2004, see Figure
10
2). These streams have also been denominated as the 'what-stream' and the 'how- 
stream'. Both streams process visual information, but transform this information 
differently for different purposes. The ventral (occipito-temporal) pathway processes 
information used for the conscious recognition and identification of objects. For 
recognition of objects in different viewing perspectives and in different situations, 
'object-centered' or 'allocentric' representations are used. Allocentric representations 
are object- or world-based; objects are coded in relation to each other and the 
environment. However, the function of the ventral pathway is not restricted to 
perception, as it is also involved in actions. More specifically, the ventral stream is 
proposed to be involved in action planning processes that take place before the actual 
action takes place. As planning processes are thought to be dependent on visual 
(allocentric), cognitive and semantic information, they are sensitive to for example 
effects of past experiences and visual illusions (see also Glover, 2004). The dorsal 
(occipito-parietal) pathway processes information to guide goal directed actions. 
Therefore an 'egocentric' representation is needed, that is, information about the 
spatial properties/coordinates of an object with respect to the observer. Using this 
information allows to correct spatial errors during the movement. Online control is 
influenced by spatial (egocentric) characteristics of the target, and therefore 
hypothesized not to be susceptible to visual illusions. Ample support for the 
Perception-Action Model is found in neuroimaging studies (Goodale & Westwood, 
2004), double dissociation studies in patients (e.g., Jakobson et al., 1991) and 
behavioural studies using visual illusions (see section 1.2.2).
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Parietal cortex
Figure 2. Symbolic representation of the visual system. Visual information enters via 
the retina of the eye and via the retinal track and V1 is then transported to the dorsal 
and the ventral streams.
1.2.2 Visual illusions
Visual illusions are an often used paradigm to investigate how visual information is 
processed for action planning and control. An example of such a visual illusion study is 
the study of Aglioti et al. (1995) where participants were shown the Titchener illusion: 
a circle surrounded by either larger or smaller circles (see Figure 3). Participants 
performed two tasks. In a first task they had to judge the size of the inner circle and in 
a second task they had to grasp the inner circle, which was then replaced then by a 
graspable disk. Participants' perceptual judgments indicated that a circle surrounded 
by larger circles appeared smaller than a same sized circle surrounded by smaller 
circles. Thus size was judged in comparison with the context (i.e., the surrounding 
disks). This finding suggests that for perception a world based, allocentric 
representation is used. However, when the circles were replaced with disks and 
subjects had to grasp these disks, participants' hand aperture was not affected by the 
context. Thus, the size of the circle was judged in relation to the participants' own 
hand, using an egocentric representation that was unaffected by the visual context. In
12
sum, the visual illusion affected 'perception' (using allocentric representations), but 
not 'action' (using egocentric representations). These findings are consistent with the 
Perception-Action Model, postulating that the ventral stream processes information 
for conscious perception and the dorsal stream processes information differently for 
skilled actions. The demonstration of a perception-action dissociation by using an 
illusion was replicated by others (e.g., Dyde & Milner, 2002; Haffenden & Goodale, 
1998; Gentilucci et al., 1996). However, there were also authors who did not find the 
dissociation (Franz & Gegenfurtner, 2008; Smeets & Brenner, 1995, for overviews see 
Bruno & Franz, 2009; Carey, 2001).
Figure 3. The Titchener illusion as used in the study of Aglioti et al. (1995).
In sum, many studies showed a difference between perception and action 
with respect to the use of allocentric and egocentric representations, i.e., perception is 
proposed to be influenced mainly by allocentric representations, whereas action is 
mainly affected by egocentric representations. In many of these studies a broad 
definition of action was used, i.e, no distinction was made between action planning 
and on line control of actions (Glover, 2004). Also, the evidence is restricted to 
relatively simple grasping tasks, i.e., tasks in which people made a movement towards 
an object. Thus far, in none of these studies the effect of visual context on sequential 
actions was investigated. This is surprising as a sequential action in particular requires
13
action planning, and as such may be a method 'par excellence' to investigate the use of 
visual information for action planning. In chapter 1 we investigated the effects of a 
visual illusion on action planning (i.e., end posture planning) of a sequential task.
Theme 2: Action Planning In Cerebral Palsy
2.1 What is Cerebral Palsy?
Cerebral Palsy (CP) is an umbrella term for a group of disorders of movement and 
posture. CP is due to non progressive brain lesions that occurred before, during or just 
after birth (e.g., Bax et al., 2005). With a prevalence of about 2.0-2.5 per 1,000 living 
births, CP is the most common cause of severe disability in childhood (Blair & Watson, 
2005; Lin, 2003). CP is classified in three subtypes (Krageloh-Mann & Staudt, 2008; 
Krageloh-Mann & Cans, 2009; Surveillance of Cerebral Palsy Europe, 2002):
1) spastic CP (80-90%): characterized by increased muscle tone, pathological reflexes, 
abnormal pattern of movement and posture;
2) dyskinetic CP (6-9%): characterized by varying muscle tone, involuntary 
movements, primitive reflex patterns;
3) ataxic CP (2-4%): characterized by a loss of orderly muscular coordination, 
overshooting of movements, ataxia, tremor, low muscle tone.
In this thesis we will focus on the first, most occurring form of CP: spastic CP. When the 
term CP is used this refers to spastic CP. The classification of spastic CP is further 
dependent on which limbs are affected (Surveillance of Cerebral Palsy Europe, 2002). 
When one body side is affected this is denominated as unilateral CP. When two body 
sides are affected this is called bilateral CP. The prevalence of bilateral CP is higher 
than unilateral CP (ratio about 1:2, Surveillance of Cerebral Palsy Europe, 2002).
The present thesis examines individuals with unilateral (spastic) CP. This form 
of CP accounts for 20-33% of all cases of CP (prevalence between 2.6 to 6.9 per 10,000 
living births, Wu et al., 2006). In contrast to bilateral CP, most children with unilateral 
CP are born term (70%, versus 45% in the bilateral CP group). Problems and disabilities 
in people with unilateral CP range from very mild to very severe, in part related to the 
severity of the brain damage. The problems are predominantly in the motor domain, 
85-90% of the children with unilateral CP do not have cognitive problems and severe 
visual problems are rare, in contrast to bilateral CP where cognitive and visual
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problems are often co-occurring (Krageloh-Mann & Staudt, 2008). The movement 
problems of individuals with CP are traditionally associated with problems in motor 
control: movements are for example characterized by an increased number of sub 
movements (Trombly, 1992), increased variability of hand trajectories (Van Thiel et al., 
2000), impaired force planning (Gordon et al., 2006a), less fluently performed 
movements and longer contact time with the object prior to lifting it (Steenbergen & 
van der Kamp, 2004). Thus, people with CP have problems with reaching and grasping, 
which are essential parts of many daily functional tasks (Gordon & Duff, 1999).
2.2 Action planning in Cerebral Palsy
Although problems with movement control are most prominent in individuals with CP, 
it was recently proposed that the action deficits may also be due to higher order 
problems with action planning (Steenbergen & Gordon, 2006, Steenbergen et al., 
2007b). These action planning problems are not only apparent in the affected hand, 
but also in the non-affected hand. As such, these planning problems have a major 
impact on daily life. Mutsaarts et al. (2005), investigated action planning in participants 
with unilateral CP. Participants had to rotate a hexagonal knob over a pre-scribed 
rotation angle. It was found that participants optimized comfort of the start grip 
posture when first taking hold of the object, which did not always lead to a 
comfortable posture at the end of the complete task. This finding suggests that 
participants only planned the first part of the sequential task instead of anticipating 
the forthcoming perceptual-motor demands the complete task. Mutsaarts et al. 
concluded that individuals with CP employ a 'step-by-step' planning strategy, where 
the latter part of the task is only planned as the movement unfolds (see also 
Steenbergen & Van der Kamp, 2004). This strategy was shown to be maladaptive in 
some circumstances as it led to situations where the task could not be successfully 
performed (Mutsaarts et al., 2006). There is some evidence to suggest that the 
compromised motor planning may be restricted to participants with right hemiparesis, 
that is, participants with left lateralized brain damage (e.g., Steenbergen et al., 2004; 
Te Velde et al., 2005). This is consistent with neuroimaging findings that showed a 
distributed left hemisphere network for action planning (Haaland & Harrington, 1998; 
Haaland et al., 2000; Johnson-Frey, et al., 2005; Schluter et al., 1998; 2001). In chapter 
2 action planning in a sequential task was investigated among participants with left
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and right unilateral Cerebral Palsy. Specifically, we examined the use of visual 
information for action planning, and the extent to which this may be differently 
affected by the side of the lesion.
2.3 Typical and a-typical development of action planning in children
At present, only a few studies have investigated end posture planning in children. Such 
research can give insight in the development of action planning, which may have 
implications for clinical practice regarding early intervention. Typically developing 
children were studied by Adalbjornsson et al. (2008). Here, two groups of children (of 
2-3 years and 5-6 years) had to rotate a cup in order to pour water in it. It was found 
that only a small minority (11 of 40) of the children showed end state comfort planning. 
Notably, no significant differences between age groups were found, suggesting action 
planning develops at later age (for similar age effects see Manoel & Moreira, 2005). In 
contrast, Smyth and Mason (1997) found evidence that motor planning started to 
develop from age 3. Recently, in a study of Thibaut and Thoussaint (2010), children 
between 4 and 10 years of age were tested on a bar rotation task. Planning was 
evaluated by measuring the adaptation of the initial grip type in order to reach a 
comfortable end posture. The results showed planning improved between 4 and 10 
years of age, reaching adult levels at age 10. In chapter 3 we further investigated 
development of action planning between 3 and 6 years of age in not only typically 
developing children, but also in children with CP.
2.4 Therapeutic interventions for children with CP
As movements with the affected hand are difficult (or even painful) for individuals with 
unilateral CP, this hand is often not used is daily practice; this is the so-called 'learned 
non-use' (Taub et al., 1998). Rehabilitation efforts in children with unilateral CP are 
predominantly aimed at the facilitation of the motor execution problems of the 
affected side. A currently widely used therapy in this respect is Constraint Induced 
Movement Therapy (CIMT), where the affected arm receives intensive training and 
movements of the less-affected arm are restrained. The beneficial effects of CIMT on 
movement execution in children with unilateral CP have been established by, for 
example, the assessment of wrist flexion and extension, motor proficiency and speed,
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or ratings of movement quality (Charles & Gordon, 2007; Eliasson & Gordon, 2000; 
Gordon et al., 2006b; Taub et al., 2004). Until now, the potential benefits of this 
therapeutic program on motor planning have not been scrutinized. In chapter 3 we 
examined if a therapeutic intervention (8 weeks, combination of CIMT and bimanual 
training) was beneficial for motor planning in children (3-6 years) with CP. We were 
interested if such a relatively non specific training (i.e., not specifically aimed at 
improving planning) can improve motor planning processes as well.
Theme 3: Action Planning And Motor Imagery
3.1 What is Motor Imagery?
Motor Imagery (MI) is a cognitive process which comprises the mental simulation of a 
movement without actual movement execution. For example, imagining moving your 
big toe, without actually doing so (Mulder, 2007). The internal representation of the 
movement is open to conscious awareness, while overt execution of the movement 
plan is suppressed. It has been shown that during mental performance of movements, 
similar brain areas are active as during actual movement execution, i.e., left M1 
(Tomasino et al., 2005), posterior parietal and precentral cortex (De Lange et al., 2005) 
and bilateral superior parietal lobes (Vingerhoets, 2002, for a review see Zacks, 2008). 
Recently, it is suggested that MI may play an essential role in motor planning 
(Deconinck et al., 2008; Mutsaarts et al., 2006; Steenbergen et al., 2007a, 2009). As MI 
may be regarded as a simulation of the upcoming action (Johnson, 2000; Mutsaarts et 
al., 2006), it may play a role in action planning, which concerns making a prediction of 
the outcome of a sequence of movements.
In experimental settings, MI abilities are often measured using a mental 
rotation paradigm. The typical mental rotation paradigm consists of pictures of hands 
that are presented in different orientations (see figure 4 for examples). The task for 
participants is to judge whether the displayed picture represents a left or a right hand. 
A linear increase in reaction time as a function of the rotation angle, combined with a 
small amount of errors is proposed to reflect a cognitive process of mental rotation 
(Parsons, 1994; Mutsaarts et al., 2007). Importantly, when people are mentally 
rotating the hand stimuli, they may use different strategies to perform the task, Visual 
Imagery (VI) or MI. When using VI the hand stimuli are compared with a visual image,
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but not with the own hands, i.e., a third-person perspective. In contrast, when using 
MI the viewers' representations of the own body are used from a first person 
perspective. One method to dissociate if participants use a VI or a MI strategy, is to 
compare the reaction times between conditions where the hands were rotated in a 
medial direction (i.e., towards the body midline) with rotations in a lateral direction 
(i.e., away from the body midline). Biomechanically, rotating your hands in a medial 
direction is easier than rotating your hands laterally. As a result, when participants use 
MI to perform the mental rotation task, reaction times should be longer for lateral 
rotations than for medial rotations, as the latter are easier to perform. However, in VI 
this difference between lateral and medial rotations should not be present (De Lange 
et al., 2006; Parsons, 1994, Ter Horst et al., 2010).
Figure 4. Examples of pictures of hands as used in mental rotation tasks, from a back 
view perspective (upper pictures) and a palm view perspective (lower pictures).
3.2 Motor Imagery and motor impairments
As MI is regarded as an off-line activation of the motor system in the brain (De Vries, & 
Mulder, 2007; Johnson-Frey, 2004a), it is suggested that MI can be used to train motor 
performance. Indeed, MI has been successfully used to improve sport skills (Feltz & 
Landers, 1983), and also to improve motor performance after stroke (Braun et al.,
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2006; Dickstein & Deutsch, 2007; Sharma et al., 2006). Positive effects of MI training 
after stroke were not only found after training of relatively simple movements like 
finger sequences (Mueller et al., 2007) or wrist movements (Stevens & Phillips Stoykov, 
2003), but also after training of complex tasks of daily life, like grasping a cup (Crosbie 
et al., 2004), putting clothes on a hanger or using the telephone (Liu et al., 2004) and 
walking (Dunsky et al., 2008). Thus, MI is a promising method to train motor behaviour 
in people with motor impairments.
As MI may be related to action planning, it may be suggested that MI may be 
impaired in participants with CP. In chapter 4 we investigated if impaired planning was 
associated with impaired MI in participants with CP. This hypothesis has been tested in 
two previous studies (Mutsaarts et al., 2007; Steenbergen et al., 2007a), but did these 
did not independently measure planning capacities. In chapter 5 a review of motor 
imagery and its use in clinical practice for people with CP is presented. Surprisingly, MI 
training has not been used for rehabilitation in CP. However, the use of MI for 
rehabilitation in these children would seem promising, as MI is effective on the 
cognitive aspects of movements, like motor planning (Mulder, 2007) and has shown 
positive effects on upper limb training post stroke (e.g., Sharma et al., 2006). Finally, in 
chapter 6 we investigated if effects of MI training are specific to the trained function, 
or lead to a more general improvement in motor control in participants with acquired 
brain damage (stroke).
Outline of the thesis
In the ensuing chapters of this thesis we will present five experimental studies and a 
review to investigate different aspects of action planning. The thesis is divided in three 
main themes: (1) action planning (chapters 1), (2) action planning in individuals with CP 
(chapter 2 and 3), and (3) action planning and motor imagery (chapters 4, 5 and 6). In 
chapter 1 we investigated how visual information is used for action planning in healthy 
control participants. In chapter 2 action planning was investigated in a sequential task 
in participants with left and right unilateral CP. As in chapter 1, we specifically 
examined the use of visual information for action planning. In chapter 3 we examined 
the development of action planning in typically developing children and children with 
CP (aged 3 to 6 years). In addition, we examined if a therapeutic intervention had a 
positive effect on motor planning capacities in the children with CP. In chapter 4 we
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investigated if impaired planning was paralleled with impaired motor imagery (MI) in 
participants with CP. In chapter 5 a review of MI and its use in clinical practice is 
presented. Finally, in chapter 6 we investigated if effects of MI training are specific to 
the trained function, or lead to a more general improvement in upper limb function in 
participants with acquired brain damage (stroke). In the final chapter (Discussion) we 
will summarize the results and present suggestions for further research.
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The effect of the 'rod-and-frame' illusion on grip 
planning in a sequential object manipulation task
Chapter 1
Based on:
Crajé, C., Van der Kamp, J., & Steenbergen, B. (2008). The effect of the 'rod-and-frame' 
illusion on grip planning in a sequential object manipulation task. Experimental Brain 
Research, 185(1), 53-62.
We investigated the effect of visual context (i.e., a visual illusion) on the planning of a 
sequential object manipulation task. Participants (n = 13) had to grasp a rod embedded 
in a 'rod-and-frame' illusion and insert the rod-end into a tight hole in a pre-defined 
way. The grip type (defined by start posture, either pronated or supinated; and end 
posture, either comfortable or uncomfortable) used to grasp the rod was registered as 
a macroscopic variable of motor planning. Different rod orientations forced the 
participants to switch between start grips. As expected, most participants switched 
between pronated and supinated start postures, such that they ended the movement 
with a comfortable end posture. As it has been argued that planning is dependent on 
visual context information, we hypothesized that the visual illusion would affect the 
specific rod orientation at which participants would switch into a different grip type. 
This hypothesis was confirmed. More specifically, the illusion affected the critical 
spatial information that is used for action planning. Collectively, these findings are the 
first to show an effect of an illusion on motor planning in a sequential object 
manipulation task.
1. Introduction
At present, there is a lively debate about the effects of visual illusions on the planning 
and control of discrete grasping actions (for reviews, see Glover, 2004; Carey, 2001). 
An influential model in this respect is the perception-action model of Milner and 
Goodale (1995, Goodale & Milner, 1992, 2004). The perception-action model posits a 
dissociation between two functionally and structurally different visual pathways in the 
brain: a ventral stream processing 'vision for perception' (the 'what-system') and a 
dorsal stream processing 'vision for action' (the 'how-system'). The ventral pathway 
processes information used for the conscious recognition and identification of objects. 
The dorsal pathway, however, has the purpose to guide goal directed actions, and is 
therefore dependent on information about the spatial properties and coordinates of 
an object with respect to the actor. Since these different pathways depend on 
different sources of visual information (i.e., context dependent information for the 
ventral stream and context independent information for the dorsal stream), the
Abstract
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perception-action model predicts that a visual illusion will affect perception, but not 
action, a prediction for which ample evidence exists (e.g., Aglioti et al., 1995; 
Haffenden & Goodale, 1998; Dyde & Milner, 2002).
Recently, Glover proposed the planning-control model (Glover, 2002; Glover
& Dixon, 2001a, 2001b, 2002), in which a dissociation between visual representations 
that subserve planning and those that are used for on-line control of action is 
postulated. This model posits that representations responsible for planning entail a 
broad range of current visual and cognitive information about 1) spatial (e.g., size, 
shape, orientation) and non-spatial (e.g., function, weight, fragility) properties of the 
target object, 2) the overarching goal of the action, and 3) the visual context 
surrounding the target. This information is integrated with knowledge from past 
experience (Glover, 2004, p. 4) Representations responsible for on-line control, 
however, are solely aimed at minimizing the spatial error of the movement and are 
focused on the spatial characteristics of the target object. Support for the planning- 
control model has been found in experiments investigating the effects of a visual 
illusion on action. As an example, Glover and Dixon (2001b) had participants grasp a 
bar placed in front of a grated background in such a way that an orientation illusion 
was induced. The bar could be grasped with an overhand grip or an underhand grip. 
The results showed that grip choice was affected by the visual background. Hence, 
these findings indicate that the selection, or planning, of a particular grip type is 
subject to the visual context surrounding the target. In a second experiment, using the 
same experimental set-up, Glover and Dixon investigated planning and control by 
measuring kinematic parameters during transport of the hand to the bar. Contrary to 
the first experiment, participants were not free in their grip choice, and had to use the 
same, predefined grip during the whole session. In line with the predictions of the 
planning-control model, hand orientation was affected by the illusion in the initial part 
of the movement, but this effect decreased when the hand approached the bar. Thus, 
initial planning, as evidenced by grip type and initial kinematic parameters of the reach, 
was affected by the illusion, but during transport of the arm the kinematic 
parameterization was corrected.
Although studies that investigated the impact of the visual context 
surrounding the target object on the planning and control of action are abundant (e.g, 
Aglioti et al, 1995; Jackson & Shaw, 2000; Danckert et al., 2002; Franz, 2001, Franz et 
al., 2005; Mendoza et al., 2006; Van Doorn et al., 2007), the evidence is restricted to
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simple prehension tasks that did not demand any further action with the grasped 
object: the goal of the action was to merely to grasp and lift the object. No studies 
have yet investigated the effect of visual context in situations where the overarching 
goal of the action does not coincide with simply grasping and lifting the object. This is 
surprising, since tasks such as a sequential object manipulation task, in which a target 
is grasped for a specific purpose, provide a method 'par excellence' to evaluate 
planning processes. By using a sequential object manipulation task, it can be assessed 
whether planning processes also take the visual context surrounding of an object into 
account when the overarching goal of the action requires further manipulation of the 
grasped object.
A distinctive feature of sequential object manipulation tasks is that they 
require anticipatory planning, i.e., the forthcoming perceptual-motor demands 
associated with the goal of the action sequence need to be taken into account when 
initially grasping an object (cf., Johnson-Frey et al., 2004). In other words, the type of 
grasp is not only determined by the characteristics of the target object and its visual 
surrounding, but must also accommodate the ensuing task requirements. Ample 
evidence for such anticipatory planning can be found in the studies of Rosenbaum and 
co-workers. They showed that the selection of a particular grip type is indicative for 
motor planning. Participants preferred to grasp an object with a grip type that enabled 
them to end the task in a comfortable posture, the so-called 'end-state comfort' effect 
(Rosenbaum & Jorgensen, 1992; Rosenbaum et al., 1992, 1993, 1996; Cohen & 
Rosenbaum, 2004; Short & Cauraugh, 1999). Stated differently, participants sacrifice 
initial comfort for the sake of final comfort, implying anticipatory motor planning. For 
example, in the Rosenbaum and Jorgensen study (1992) participants had to grasp and 
rotate a bar that was mounted on a clock-face. Positions on the clock-face were 
separated by 45 degrees, and participants were instructed to take hold of the bar and 
rotate it to a pre-defined target position. The results showed that participants adapted 
their initial posture, such that it enabled them to end the task in a comfortable posture. 
Obviously, to attain this comfortable end posture, they switched between overhand 
and underhand grip types when grasping the bar (for similar findings from a different 
theoretical background, see Kelso et al., 1994). Summing up, the studies of Rosenbaum 
and colleagues showed that initial grip type is indicative for motor planning in a 
sequential object manipulation task, and second, they showed that initial comfort is 
sacrificed to attain posture comfort at the end of the task. Additionally, previous
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studies have shown similar effects for kinematic parameterization. For example, 
Marteniuk et al. (1987, see also Gentilucci et al., 1997) showed that the goal of the 
second movement was reflected in movement kinematics of the first movement. 
Likewise, Steenbergen et al. (1995) showed that the strength of joint couplings of the 
first movement was critically dependent on the task constraints of the second 
movement.
At present, no study has scrutinized the effects of visual context on 
movement planning in a sequential task that requires anticipatory planning. Earlier 
studies on the effects of visual context on the planning of action used simple grasping 
movements. For instance, in the experiments of Glover and co-workers the action goal 
was to grasp the bar, no further manipulation was required. Hence, the posture with 
which the bar was grasped was identical to the posture at the end of the task. 
Consequently, no conflict occurred between comfort of the initial posture and comfort 
of the end posture. In a sequential task however, the initial posture with which an 
object is grasped and the posture at the end of the task are not necessarily the same 
because additional movements are made after grasping the object. Therefore, when 
planning the initial posture in a sequential object manipulation task, participants have 
to take the constraints arising from the end posture into account as well, i.e., they are 
engaged in anticipatory planning (Johnson-Frey et al., 2004).
In the present study, the effect of visual context on anticipatory planning of a 
sequential object manipulation task was investigated. Specifically, participants had to 
grasp a rod embedded in a 'rod-and-frame' illusion (i.e., a rod surrounded by a tilted 
frame) and subsequently place the rod-end vertically in a tight hole. Both, rod and 
frame could be independently rotated. Following Rosenbaum & Jorgensen (1992) we 
expected adaptations in the initial posture such that a comfortable end posture is 
reached. Specifically, participants are expected to switch between pronated and 
supinated initial postures at a specific rod orientation. Based on the planning-control 
model (Glover, 2002, 2004), in which context effects are not distinguished with respect 
to the different components of planning, it is hypothesized that the exact rod 
orientation at which this switch occurs is affected by the rotation of the frame.
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2. Methods
2.1 Participants
Thirteen right-handed college students (3 male, 10 female), aged 18-27 years (mean 
age 22.6 y/m, SD 2.10 y/m) participated in the experiment for money or course credit 
(see Table 1 for participant information). All participants had normal or corrected-to- 
normal vision, were naïve to the purpose of the experiment, and had no known 
neurological deficits. This study was approved by the local ethics committee and 
performed in accordance with the ethical standards laid down in the 1964 Declaration 
of Helsinki.
2.2 Experimental set-up and apparatus
The participants were comfortably seated in a chair positioned in front of a table upon 
which the experimental set-up was placed (see Figure 1). The stimulus consisted of a 
white 3D 'rod-and-frame' illusion that was placed in front of a black curtain (220 x 105 
cm). This curtain was used to prevent any visual cues of veridical frames of reference, 
such as the ceiling or the floor. Both the rod (length: 15cm, diameter: 3.5cm) and the 
surrounding frame (30 x 30 x 2.3 cm) could be rotated independently such that the 
rod-and-frame illusion was created. The rod had a grey marker on one side signifying 
the end that had to be placed upwards in the hole (diameter: 5 cm) of a box. After the 
participant had placed the rod in the hole, an experimenter sitting next to the 
participant replaced the rod to the set-up and scored the used grip type. Rotation of 
rod and frame was performed manually by a second experimenter who sat behind the 
curtain. Participants wore liquid crystal occlusion goggles to prevent them seeing the 
rotation of the frame and rod in-between trials. The goggles could be switched from 
opaque to transparent in less than 30 ms.
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Experimenter 2
Figure 1. Schematic drawing of the experimental setup, viewed from above (left) 
and a photograph of the first author grasping the rod (right).
2.3 Procedure
The study consisted of two experimental sessions that were conducted in succession. 
First, an action task was performed, second we performed a perception task to assess 
participants' perceptual sensitivity for the illusion (these tasks are denoted as -1- 
Action task and -2- Perception task in what follows). Standard rest breaks were present 
between sessions, and on participants' demands.
-1- Action task
The action task consisted of a pre-measurement and the main experiment. The 
procedure for both was as follows. A trial started when the participant pressed the 
button on the button-box with the index finger of the preferred (right) hand. 
Subsequently, the goggles were closed and the second experimenter manually 
changed the rod and frame orientation. When ready (i.e., within 2 sec) the goggles 
opened, which was the start-signal for participants to grasp the rod as quickly as 
possible and place it vertically with the marker facing upwards in a hole of a tight 
fitting box that was located in front of them, slightly to the right of the body midline. 
Participants were asked to grasp the rod with a power grip, i.e., with the thumb on one
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side of the rod and the fingers on the other side. Once the rod was grasped, 
participants were not allowed to change the grip type during rotation of the rod. This 
was necessary, because it urged participants to plan the task prior to grasping the rod. 
If this had not been the case and participants were allowed to manipulate the rod in­
hand, then it would not have been strictly necessary for participants to plan the 
movement prior to grasping the rod.
As dependent variable, the grip type that participants used to grasp the rod 
was measured. The grip types were evaluated on two criteria: the start posture of the 
hand and the end posture of the hand. The start posture was scored as either a 
'pronated' (overhand) or a 'supinated' (underhand) posture. The end postures were 
scored as 'comfortable' when a grip with the thumb towards the marker was used and 
as 'uncomfortable' when a grip with the thumb away from the marker was used (see 
also, Steenbergen et al., 2000; Rosenbaum & Jorgensen, 1992). Since the start and end 
posture are not fully independent of each other, the combination of start and end 
posture was labeled as the grip type. Three different grip types were distinguished: 
grip type 1, a pronated initial posture resulting in a comfortable end posture, grip type
2, a supinated initial posture resulting in a comfortable end posture and grip type 3, a 
pronated initial posture resulting in an uncomfortable end posture (see Figure 2). The 
combination of a supinated initial posture resulting in an uncomfortable end posture 
was theoretically possible. However, this combination was never used, and will 
therefore not be mentioned in what follows.
With respect to the grip type, our primary interest was the rod orientation at 
which a switch into another grip type occurred. The rod orientation at which there was 
an equal chance to observe both grip types was denoted the 'switch point'.
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Pronation Comfortable
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Supination Comfortable
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Upperhand 
grip with 
thumb away 
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Pronation Uncomfortable
m
IF] I
Figure 2. The grip type scoring system used to establish the grip type that participants 
used. Grip types were defined by the combination of the initial posture (pronated or 
supinated) and the end posture (comfortable end posture or uncomfortable end 
posture). Explanation, see text.
Pre-measurement: As the location of the switch point differed between individuals, we 
performed a pre-measurement prior to the main experiment. In this pre-measurement 
the individual switch point of each participant was established. In general, switches in 
grip types occur in the lower half of the 'clock face' (e.g., Rosenbaum & Jorgensen, 
1992; Steenbergen et al., 2000), but individual differences are present as to the exact 
orientation of the rod where the switch occurs. During the pre-measurement the 
frame was not rotated. Rod orientations were presented in a range of 180 degrees, 
from the horizontal rod orientation with the marker on the left side (denoted as -90°), 
via the vertical rod orientation with the marker facing downwards (denoted as 0°) to
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the horizontal rod orientation with the marker on the right side (denoted as 90°). 
Thirteen rod orientations were tested, separated by equal angles of 15 degrees (see 
Figure 3). Every rod orientation was presented three times in a completely randomized 
order, resulting in a total of 39 trials. The switch point was determined by the rod 
orientation where participants switched between two different grip types, thus, at this 
rod orientation there was an equal chance to observe both grip types. For most 
participants the switch point was restricted to one rod orientation. When the grasping 
pattern consisted of a range of rod orientations, the mathematical middle of that 
range was taken to be the switch point for that participant. The pre-measurement took 
approximately 15 minutes.
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Figure 3. Schematic drawing of the 13 rod positions used in the pre-measurement of 
the action task. In this figure the rod is oriented at 45 degrees. The black side of the 
rod represents the marker. Note that the colour coding is inconsistent with the 
experiment where we used a black background, whereas the rod and the surrounding 
frame were coloured white (see figure 1 and figure 2).
The main experiment: The rod orientations during the main experiment were 
normalized to the individual switch points, which allowed us to study the individual 
switch region into detail without overloading participants with too many trials. 
Measurements were performed in a range of 80 degrees surrounding the individual 
switch point, separated by angles of 10 degrees. This resulted in a total of nine rod 
orientations that were tested in the main experiment (-40°, -30°, -20°, -10°, 0°, 10°, 20°,
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30°, 40° relative to individual switch point). Negative orientations are clockwise rod 
orientations compared with the individual switch point, whereas positive orientations 
are directed counterclockwise to the switch point. During the experiment we also 
manipulated the orientation angle of the frame, such that the 'rod-and-frame' illusion 
was created. The frame was rotated in either a clockwise (CW) or a counterclockwise 
(CCW) direction. A total of five frame orientations were used (20° CCW, 10° CCW, 0°, 
10° CW, 20° CW) yielding a total of 45 unique conditions. In each condition, 5 trials 
were performed in a completely randomized order. The main experiment, involving 
225 trials, took about 45 minutes for each participant.
-2- Perception task
We performed a perception task to assess participants' perceptual sensitivity for the 
illusion. It was examined whether different rotations of the surrounding frame affect 
the perceived orientation of the rod. To that end, two rod-and-frame combinations 
were sequentially shown to the participant. First, a rod surrounded by a tilted frame 
was shown, followed by either the same or a different oriented rod surrounded by 
Frame 0°. In between presentations, the goggles were closed for less than 2 seconds. 
Participants had to report if the orientation of the rod was the same or different in the 
two displays. In the majority of the trials the rod orientation did not change between 
presentations (for example, when the first display was a combination of Rod -30° and 
Frame 20° CCW, the second display combined Rod -30° with Frame 0°). In this 
perception task, 4 frame rotations x 9 rod orientations x 3 repetitions were tested, 
yielding 108 trials. In addition, we also added 72 'catch trials' (4 Frame rotations x 9 
Rod orientations x 2 Directions of rod changes), where the rod orientation actually did 
change between the two presentations, either 10° CW or 10° CCW. The main reason to 
add catch trials was to prevent that participants could anticipate that the two rods 
were the same in all trials. However, catch trials were not used in the analyses. The 
total of 180 trials was presented in a completely randomized order. The perception- 
task took about 45 minutes to be carried out.
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Action task: Analysis of pilot recordings revealed that participants used two strategies 
to perform the action task. Although all participants used grip type 1 in some of the 
trials, at the individual switch point differences in grip type choice appeared. While 
most of the participants switched to an underhand initial posture resulting in a 
comfortable end posture (grip type 2), some participants switched to an overhand 
initial posture resulting in an uncomfortable end posture (grip type 3). Consequently, 
two movement strategies could be delineated. One group of participants switched 
between grip type 1 and grip type 2 and always ended with a comfortable end posture 
(this strategy is denoted as 'comfortable enders'), whereas the other group of 
participants switched between grip type 1 and grip type 3 and always started with a 
pronated initial posture (this strategy is denoted as 'pronated starters').
At the individual switch point every participant used grip type 1 in 
approximately 50% of the trials, irrespective of the strategy employed, because 
participants either switched between grip type 1 and grip type 2 ('comfortable enders') 
or between grip type 1 and grip type 3 ('pronated starters'). This allowed us to collapse 
the data and to use the same scoring method for both strategies, that is, the frequency 
of grip type 1. For every participant individually, logistic (S-shaped) functions were 
fitted through the mean frequency of grip type 1, separately for the five different 
frame orientations and on the basis of a least squares fitting method (see Van Doorn et 
al., 2007 for a similar method). The function was of the form where y is the assigned 
score, i.e., the location of the switch point, x is the rod orientation, c is the rod 
orientation of the switch point and k is a measure of the slope at that point.
2.4 Data analysis
1 + e ~ k ( x ~ c)
Using this method, for every participant the location of the switch point (i.e., the rod 
orientation where a participant switched between grip types) was determined for the 
five frame orientations. In order to calculate the illusion effect, the value of the switch 
point in the control condition (0° frame rotation) was subtracted from the value of the 
switch point in the experimental conditions (where the frame was rotated). As our 
prime interest was the effect of visual context on planning, rather than the direction of 
the illusion effect, we used absolute difference scores. Moreover, the direction of the 
illusion effect was not similar among participants, a finding that is not uncommon in
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the 'rod-and-frame' illusion literature (e.g., Beh & Wenderoth, 1971; DiLorenz & Rock, 
1982). The absolute difference scores were analyzed using a repeated measures 
Analysis of Variance (ANOVA) with frame as within subjects factor.
Perception task: The number of errors per condition were analyzed using a 4 (frame: 
20° CCW, 10° CCW, 10° CW, 20° CW) x 5 (rod: -20°, -10°, 0°, 10°, 20°) repeated 
measures ANOVA. Frame as a factor in the ANOVA denoted the first frame that is 
presented to the participant. The second frame was always the same, i.e., 0°.
3. Results
3.1 Action task
During the experiment, participants showed the same grasping behavior as in the pre­
measurement phase, that is, they switched between different grips at a particular rod 
orientation. The average switch point over all conditions was at rod orientation -3° (for 
the 'comfortable enders' at rod orientation -6° and for the 'pronation starters' at rod 
orientation 6°), all were in the lower half of the clock face. For the negative rod 
orientations (i.e., rod orientations that are rotated clockwise compared with the 
individual switch point) participants used grip type 1, which is an overhand initial 
posture resulting in a comfortable end posture. Conversely, at the positive rod 
orientations (i.e., rod orientations that are rotated counterclockwise compared with 
the individual switch point) the grip patterns were less consistent. Most participants (n 
= 10) switched to an underhand initial posture leading to a comfortable end posture, 
while some (n = 3) switched to an overhand initial posture leading to an uncomfortable 
end posture ('comfortable enders' and 'pronated starters', respectively, see also Table
1).
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Table 1
Participant information
Part m/f Age Perception pro: supi comf:uncomf Strategy
1. F 23 .90 100 : 125 225 : 0 CE
2. F 22 .92 24 : 201 225 : 0 CE
3. F 25 .97 101 : 124 223 : 2 CE
4. F 20 .82 108 : 117 225 : 0 CE
5. F 21 X 52 : 173 224 : 1 CE
6. M 25 .90 82 : 143 222 : 3 CE
7. F 27 .79 87 : 138 225 : 0 CE
8. F 20 .90 123 : 102 225 : 0 CE
9. M 26 .80 146 : 79 225 : 0 CE
10. M 27 X 138 : 87 225 : 0 CE
11. F 18 .90 225 : 0 38 : 187 PS
12. F 19 .74 225 : 0 144 : 81 PS
13. F 19 .70 224 : 1 56 : 169 PS
Note. Part: participant number; m/f: male/female; age: age in years; Perception 
task - percentage correct answers; Pro:supi: Start posture - number of pronated 
start postures : number of supinated start postures; Comf:uncomf: End posture- 
number of comfortable ending grasps: number of uncomfortable ending grasp;
Strategy: strategy used in the action task (see text for description); CE:
Comfortable Ender; PS: Pronation Starter.
To answer our main research question ('does visual context affect anticipatory 
planning?'), we analyzed the effect of frame orientation on the location of the switch 
point. For each participant individually, we calculated at which rod orientation they 
switched between grips for all frame orientations, using a logistic function. This way, 
we could calculate the magnitude (in degrees) by which the switch point had shifted in 
the experimental conditions compared with the control condition. In Figure 4 the data 
of four participants are shown (participants 9, 10, 12 and 13). In the figure, the 
different frame orientations are depicted on the x-axis (with frame 0° as the control 
condition), whereas the y-axis represents the location (i.e., rod orientation) of the 
switch point. It can be derived that the location of the switch point is different in the 
control condition and the experimental conditions. However, the effect of frame was 
not in the same direction for all participants. Therefore, absolute different scores 
between the switch point of the control condition (i.e., Frame 0°) and the switch point 
in the four experimental conditions (i.e., Frame 10° CW, Frame 20°, Frame 10° CCW
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and Frame 20° CCW) were calculated as a measure of the illusion effect. The mean 
absolute illusion effect (i.e., the amount of degrees that the switch point had shifted 
compared with the control condition) was 5.3 degrees for Frame 20° CCW, 9.3 degrees 
for Frame 10° CCW, 7.4 degrees for Frame 10° CW and 6.0 degrees for Frame 20° CW 
(see Figure 5). A repeated measures ANOVA revealed a significant effect of Frame (F 
(4,48) = 3.29, p < .05 with Greenhouse Geisser correction for sphericity). Pairwise 
comparisons showed that the illusion effect of Frame 20° CCW, Frame 10° CCW and 
Frame 20° CW were significantly different from the control condition (all ps < .05).
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Figure 4. Location of the switch point (i.e., rod orientation) in the 5 frame rotation 
conditions in four participants (9, 10, 12, 13). On the x-axis the five frame 
orientations are depicted, whereas the y-axis represents the rod orientation of the 
switch point.
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Figure 5. The absolute effect of frame rotation on the switch point for the 4 frame 
orientations (averaged over all participants). Error bars indicate 2 se of the mean. The 
absolute effects are calculated by subtracting the value of the switch point in the 
control condition from the experimental conditions; hence, the control condition is 
not depicted here. On the x-axis the different frame orientations are plotted, 
whereas the y-axis represents the magnitude (in degrees) by which the switch point 
was shifted compared with the control condition.
3.2 Perception task
Data of two participants (participants 5 and 10, see table 1) were not used for analyses 
due to technical problems. The mean score of all participants was .85 (SD .084), 
indicating that in 85% of the trials participants correctly reported that the perceived 
rod orientation in the two presentations was not different. The percentages of correct 
answers varied between 70% (participant 13) and 97% (participant 3). The mean score 
in the 'comfortable end posture' group was 87% compared with 78% in the 'pronation 
start posture' group. However, this between subjects effect of strategy just failed to 
reach significance (F (1,9) = 3.74, p = .085). A repeated measures ANOVA on the total 
number of errors revealed a significant effect of Frame (F (3,27) = 4.14, p < .05). The 
percentages of correct answers were 86% for Frame 20° CCW, 90% for Frame 10° CCW,
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87% for Frame 10° CW and 77% for Frame 20° CW. Post hoc comparisons showed 
significant differences between Frame 20° CW and Frame 10° CW (p = .051) and 
between Frame 20° CW and Frame 10° CCW (p < .05).
4. Discussion
The purpose of the work reported here was to evaluate the influence of visual context 
on the planning of a sequential object manipulation task. Earlier research on the 
effects of visual illusions on action was limited to simply grasping a target object 
without any further purpose. By contrast, in the present study we asked participants to 
grasp a target object to subsequently place it in a hole. This task requires anticipatory 
planning, in which constraints arising from the end posture prevail in initial grip choice. 
That is, the initial grip must accommodate the upcoming movements. As far as we 
know, no other study has scrutinized visual context effects in such a sequential, object 
manipulation task. In our study, a rod was embedded in a typical 'rod-and-frame' 
illusion configuration. We used a wide range of rod orientations that would force 
participants to switch between different grip types if they were to reach a comfortable 
posture at the end of the task. The effect of visual context on anticipatory planning 
processes was investigated by measuring if the location of the switch point shifted 
when the surrounding frame was tilted.
The main finding of our study was that the frame manipulations affected the 
location of the switch point (i.e., the rod orientation where participants switched 
between grip types), and thus the motor planning of the initial grip type towards the 
target object. Although earlier findings have already shown that the kinematics and 
joint couplings in the first movement towards a target object are affected by the 
upcoming second movement (Gentilucci et al., 1997; Marteniuk et al., 1987; 
Steenbergen et al., 1995), our results extend these finding by showing that initial grip 
planning is also affected by the visual context. However, in line with earlier findings on 
the illusion effects of the 'rod-and-frame illusion' (e.g., Beh & Wenderoth, 1971; 
DiLorenzo & Rock, 1982) the results did not show a consistent direction of the illusion 
effect among participants. This phenomenon is due to the complex interaction 
between the specific location of the individual switch point with the frame orientation 
and the individual sensitivity for the illusion
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Our results are in line with at least three contemporary models that make 
specific predictions about the effect of illusions on action (planning). First, following 
the predictions of Glovers' model (2004) we hypothesized that the visual context 
would affect the specific rod orientation at which participants switch to a different grip. 
This hypothesis was confirmed as the location of the switch point was affected by the 
surrounding frame. These findings extend observations of Glover and Dixon (2001b; 
Glover et al., 2005; see also Van Doorn et al., 2007), in which an orientation illusion 
was shown to affect grip choice in a simple grasping task. Second, our findings are in 
line with the predictions stemming from the perception-action model (Milner & 
Goodale, 1995). Goodale and Milner propose that the ventral stream is responsible for 
'the perceptual representation of the perceptual world that is used in the planning of 
actions' (Goodale & Milner 2004, p. 38), thus assuming action planning to be subject to 
a visual illusion. Support for the hypothesis that the ventral stream plays an important 
role in action planning has also been reported in a patient study by Dijkerman et al. 
(2003), in which two patients with ventral stream lesions did not show appropriate 
switching when grasping bars in different orientations. Finally, our results can also be 
accommodated by the common-representation model of Franz (2001), in which is 
proposed that a visual illusion affects both, perception and action. It is important to 
note here that our study was not aimed at providing a critical test for one of these 
models. Rather, we aimed to examine what components of planning are affected by 
visual context.
The 'rod-and-frame' illusion has been investigated by Dyde and Milner (2002), 
who found that the illusion influenced perception but not action. At first glance, these 
results may appear contradictory to our findings, but we argue that the difference in 
task constraints may have contributed to the different findings. As Smeets et al. (2002) 
argued, different tasks necessitate different types of spatial information to be used for 
action. For example in the Dyde and Milner study (2002) participants grasped the ends 
of the rod between their thumb and forefinger and participants were therefore 
dependent on the visual information regarding the position of the ends of the rod. In 
contrast, the orientation of the rod constituted the relevant action-related information 
source for participants in our study. Smeets and colleagues (Smeets & Brenner, 1995; 
Smeets et al., 2002) have proposed that an illusion only effects on action when the 
critical spatial characteristics of the target in the relation to the to-be-performed 
action are affected by the illusion. In our study this critical spatial characteristic was
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the orientation of the rod, whereas in the Dyde and Milner study it was the position of 
the ends of the rod.
Finally, two issues should be mentioned here, namely, the comparison 
between the perception task and the action task, and second, the unexpected finding 
of two strategy groups. The first issue concerns the comparison of illusion effects on 
perception and action. As Franz (2001) pointed out, an inherent problem in visual 
illusion studies is the comparison between the perception and the action task, as these 
tasks are predominantly measured by different methods, as was also the case in the 
present experiment. However, although our study does not allow us to compare 
perception and action in a quantitative way, the perception task did provide 
information about how participants perceived the rod orientation when surrounded by 
a tilted frame. Specifically, participants' perception of the rod orientation was affected 
by the surrounding frame.
The second issue concerns the finding of two strategies. Our results showed 
that the means (i.e., grip type) by which the end goal was reached was affected by the 
visual illusion, however participants reached the end goal differently, viz. used 
different strategies. Most participants switched between pronated and supinated start 
postures, such that they ended the movement with a comfortable end posture. Still, 
three participants in our study did not obey this 'end-posture comfort' rule. They used 
a pronated start posture that resulted in both uncomfortable and comfortable end 
postures. Importantly, however, irrespective of the strategy used, the effect of the 
visual context on grip planning was consistent. That is, tilting the frame affected the 
rod orientation where participants switched their grip, but depending on the strategy 
most participants switched between grip type 1 and grip type 2 and some participants 
switched between grip type 1 and grip type 3. This unexpected finding begs the 
question as to why some participants used a strategy that did not enable them to end 
the task in a comfortable end posture? The 'posture based motion planning'-model of 
Rosenbaum et al. (2001) assumes that prior to movement execution an end posture is 
chosen from the stored posture base. The model further assumes a time constraint for 
this search process. If enough time is allowed, the search will most likely result in a 
posture that satisfies the end comfort criterium. If, however, insufficient time is 
allowed for the search, end postures may be selected that are not optimal. More 
specifically, these postures may be uncomfortable or even unfit for the task (see 
Meulenbroek et al., 2001 for model simulation and validation). In our study we
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instructed participants to perform the task 'as fast as possible'. Therefore, it may be 
speculated that the 'pronation starters' have put more emphasis on the speed of 
responding, thereby not completely searching their stored posture base. As the group 
of 'pronation-starters' was small (n = 3), we cannot draw any definite conclusions on 
this matter but further examination is warranted.
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Visual information for action planning in left and right 
congenital hemiparesis
Chapter 2
Based on:
Crajé, C., Van der Kamp, J., & Steenbergen, B. (2009). Visual Information for Action 
Planning in left and right Congenital Hemiparesis. Brain Research, 126, 54-64.
Converging evidence suggests that compromised motor abilities in hemiparetic 
Cerebral Palsy are not solely due to impairments in motor execution, but are also 
related to deficits in action planning. The present study had two aims. First, we 
compared grip planning in a sequential task between participants with left-sided (n = 
12) or right-sided (n = 10) congenital hemiparesis. Second, we studied the use of visual 
information for grip planning by having participants grasp a rod embedded in a 'rod- 
and-frame' illusion. The results showed that especially participants with right 
hemiparesis revealed planning problems as most of them did not switch between 
different grip types at all or they switched in an inconsistent manner. In contrast, the 
majority of participants with left hemiparesis showed consistent planning of the first 
part of the task. Second, the results indicated that visual information provided by the 
illusion had an effect on grip planning in participants that used a consistent planning 
strategy, suggesting that the use of visual information in action planning was not 
affected in these participants. The results are discussed in relation to hemispheric 
differences in motor planning and visuo-motor integration in congenital hemiparesis.
1. Introduction
Cerebral Palsy (CP) describes a group of non-progressive disorders of movement and 
posture that result from brain lesions acquired early in life (e.g., Bax et al., 2005). With 
a prevalence of about 2.0-2.5 per 1000 living births (Blair & Watson, 2005; Lin, 2003), 
CP is the most common cause of severe disability in childhood (Kuban & Leviton, 1994). 
Recently, it has been proposed that the problems that children with CP encounter in 
performing activities of daily living are not solely due to impairments at the level of 
movement execution, but are also related to impairments at the level of anticipatory 
action planning (for a review, see Steenbergen & Gordon, 2006).
Broadly defined, anticipatory action planning is the ability to anticipate the 
forthcoming perceptual-motor demands of the action goal when a first movement in a 
sequence of movements towards an object is made (Gentilucci, et al., 1997; Johnson­
Frey, et al., 2004; Marteniuk, et al., 1987). This becomes particularly evident in 
sequential tasks and in tasks that involve the use of tools. In such actions, objects are 
picked up for a specific purpose and the way in which an object is initially picked up is
Abstract
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indicative for the way in which individuals plan the end of the task. For example, 
Daprati and Sirigu (2006) described that participants grasped a pencil differently when 
they simply had to move it in contrast to when they had to use it.
Converging evidence shows that the ability for anticipatory action planning is 
compromised in participants with hemiparesis as a consequence of CP (Steenbergen & 
Gordon, 2006). For example, Mutsaarts et al. (2005), studying a sequential object 
rotation task, showed that participants only planned the first part of the sequential 
task instead of anticipating the end of the complete task. Participants optimized 
comfort of the start posture when first taking hold of the object, which did not lead to 
a comfortable posture at the end of the complete task. Mutsaarts et al. (2005) 
concluded that individuals with CP employ a 'step-by-step' planning strategy, where 
the latter part of the task is planned as the movement unfolds (see also Steenbergen & 
Van der Kamp, 2004). This strategy was shown to be maladaptive in some 
circumstances as it led to situations where the task could not be successfully 
performed, i.e., task failures (Mutsaarts et al., 2006). There is evidence to suggest that 
the compromised action planning may be especially evident in participants with right 
hemiparesis, that is, participants with left lateralized brain damage (e.g., Steenbergen 
et al., 2004; Te Velde et al., 2005).
The first aim of the present study is to provide a detailed account of action 
planning in a sequential task among participants with left and right congenital 
hemiparesis. Based on previous studies suggesting a compromised action planning 
ability after left congenital hemisphere damage (e.g., Steenbergen et al., 2004), the 
relationship between apraxia and left hemisphere damage (De Renzi & Lucchelli, 1988; 
Donkervoort et al. 2000) and neuroimaging studies that revealed a specialized role of 
the left hemisphere in planning of sequential actions and action selection in healthy 
participants (Haaland & Harrington, 1998; Haaland, et al., 2000; Johnson-Frey, 2004b; 
Rushworth et al., 1997; Schluter et al., 1998, 2001; Vingerhoets, 2008), we hypothesize 
increased action planning problems in individuals with right hemiparesis as compared 
to left hemiparesis.
Previous research shows that action planning, i.e., the selection of an appropriate 
action and initial grip, is dependent on visual information (Glover, 2004; Goodale, & 
Milner, 2004). Many studies using visual illusions have been performed in order to find 
out how visual information is used for action planning and control. For example, Van
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Doorn et al. (2007) showed that participants' preference to grasp bars of various 
lengths with one or two hands was dependent on the direction of the arrowheads at 
the ends of the bar (Müller-Lyer illusion). This finding suggests that visual context is 
used for action planning (see also: Crajé et al., 2008; Dijkerman, et al., 2003; Glover, 
2002). Despite the evidence showing deficits in action planning in participants with 
congenital hemiparesis, there still is a void in studies that address how visual 
information is used for action planning in this group of participants. An observation in 
a study by Mutsaarts et al. (2006) may indicate that participants with congenital 
hemiparesis use contextual visual information to plan their motor actions. Participants 
had to rotate a six-sided knob, with an arrow attached to one side that had no 
relevance to the upcoming action. The arrow significantly affected grip choice in 
participants with hemiparesis even when this led to failures to perform the upcoming 
task. This finding suggests that these participants rely on available context information 
to plan their actions, even if this information is maladaptive for successful task 
performance.
The role of visual information for action planning has not systematically been 
studied in participants with congenital hemiparesis. Also, the extent to which this may 
be affected by the side of the lesion has not been examined. Therefore, the second 
aim of the present study is to examine the use of visual information for action planning 
in participants with left and right congenital hemiparesis. Participants had to grasp a 
rod embedded in a 'rod-and-frame' illusion and subsequently place the rod in a tight 
hole in a predefined way. The rod was presented in different orientations, to challenge 
participants to switch between different grips at a certain rod orientation (e.g., Kelso 
et al., 1994; Steenbergen et al., 2000). In healthy control participants, we have recently 
found that the tilted frame affected grip planning in a systematic way such that the rod 
orientation where participants switched between grip types was affected by the tilted 
frame, i.e., by the visual illusion (Crajé et al., 2008). Hence, the experimental set-up 
allowed us to systematically examine the use of visual information for action planning.
Collectively, we investigated two research questions in the present study. 
First, action planning in left and right hemiparesis was studied. Based on previous 
studies in congenital hemiparesis (e.g., Steenbergen et al., 2004) and neuroimaging 
studies (e.g., Haaland et al., 2000; Schluter et al., 1998), we expect that the 
compromised ability for anticipatory planning in this sequential object-manipulation 
task is especially evident in participants with right hemiparesis. Importantly, we
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measured performance of the unimpaired hand, thus participants with right 
hemiparesis performed the task with their left hand and participants with left 
hemiparesis with their right hand. Second, the use of visual information for action 
planning in participants with left and right congenital hemiparesis was investigated. If 
visual information is indeed used for action planning, we expect systematic effects of 
the tilted frame on the grip used to grasp the rod, and switches therein. As a more 
explorative question we examined hemispheric differences related to the use of visual 
information by comparing the performance of participants with left and right 
hemiparesis.
2. Methods
2.1 Participants
A total of 22 young adolescents (13 male, 9 female, aged 13y-20y, mean age = 16.2 
y/m, SD 2.2 y/m) with spastic hemiparesis as a result of CP volunteered to participate 
in the study. Participants were recruited via their school (a school for special education 
Mariëndael in Arnhem, The Netherlands), or via the Dutch society of parents of 
physically disabled children ('BOSK'). Ten participants (8 male, 2 female), aged 15-20 
(mean age = 16.4 y/m, SD 2.8 y/m) were diagnosed with hemiparesis on the right body 
side, and twelve participants (5 male, 7 female), aged 13-20 (mean age = 15.10 y/m, SD
2.4 y/m) were diagnosed with hemiparesis on the left body side. As participants were 
not patients in a clinical setting, only limited individual information on the 
neuropathology was available. However, to get a good clinical picture of each 
participant, we performed relevant tests related to hand function and IQ. Hand 
function was tested with the Box and Blocks test (gross dexterity; Mathiowetz et al., 
1985) and the Purdue Pegboard test (fine dexterity; Tiffin, 1968) for both the impaired 
and unimpaired hand. We determined the ratio between the score of the impaired 
hand and the unimpaired hand to indicate, behaviourally, the severity of paresis. Thus, 
a score near 1 indicates that hand function among both hands is similar, i.e., mild 
paresis, whereas a score near 0 indicates a strong difference among the impaired and 
unimpaired hand indicating a severe paresis. Participant information is provided in 
Table 1.
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All participants signed written consent prior to the study. For under-aged 
participants (< 18 years) the parents gave their signed approval for the study. The 
study was approved by the local ethics committee and performed in accordance with 
the ethical standards laid down in the 1964 Declaration of Helsinki.
Table 1
Participant information
Part Gen Age HCP IQ Box and Blocks 
IH UH Ratio
Perdue Pegboard 
IH UH Ratio
1 M 17 R TIQ = 75 
VIQ = 82 
PIQ = 72
15 22 0.68 1 11 0.09
2 F 14 R TIQ = 72 (SON) 12 33 0.36 0 15 0.00
3 M 15 R TIQ = 112 
VIQ = 122 
PIQ = 98
21 25 0.84 10 10 1.00
4 M 16 R TIQ = 80 
VIQ = 88 
PIQ = 74
15 33 0.45 2 16 0.13
5 M 17 R TIQ = 65 (SON) 14 35 0.40 0 14 0.00
6 M 15 R 27 31 0.87 11 12 0.92
7 M 15 R TIQ = 65 
VIQ = 74 
PIQ = 61
0 33 0.00 * 15
8 F 16 R TIQ = 92 
VIQ = 88 
PIQ = 100
5 39 0.13 0 17 0.00
9 M 20 R TIQ = 96 
VIQ = 109 
PIQ = 82
36 35 1.03 13 12 1.08
10 M 20 R TIQ = 74 
VIQ = 71 
PIQ = 81
1 24 0.04 0 13 0.00
11 F 17 L TIQ = 101 
VIQ = 115 
PIQ = 90
9 29 0.31 0 12 0.00
12 M 20 L TIQ = 76 
VIQ = 88 
PIQ = 55
15 24 0.63 0 11 0.00
13 F 17 L TIQ = 88 
VIQ = 82 
PIQ = 97
21 44 0.45 3 15 0.20
14 M 12 L TIQ = 73 33 30 1.10 13 13 1.00
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15 F 19 L
VIQ = 95 
PIQ = 60 
VIQ < 55 1 21 0.05 0 9 0.00
16 F 16 L
PIQ = 73 
TIQ = 63 24 26 0.92 10 12 0.83
17 M 15 L
VIQ = 82 
PIQ = 54
7 20 0.35 0 7 0.00
18 F 14 L 20 24 0.83 8 13 0.62
19 F 15 L 7 30 0.23 ** 12 -
20 M 13 L 19 30 0.63 0 5 0.00
21 F 17 L TIQ = 75 30 31 0.97 14 15 0.93
VIQ = 81
___________________________ PIQ = 66_________________________________________
Note. Part: participant; Gen = Gender; HCP: Hemiparetic Cerebral Palsy, L = left body side 
impaired, R = right body side impaired; IQ: IQ was mostly measured by using the WISC-III, in 
some participants the SON (Snijders-Oomen non-verbal intelligence test) was performed, TIQ = 
Total Intelligence Quotient, VIQ= Verbal Intelligence Quotient, PIQ = Performance Intelligence 
Quotient,; IH= Impaired Hand; UH = Unimpaired Hand; Ratio = score (Impaired Hand)/ score 
(Unimpaired Hand)
* refused to try with affected hand,
** hand was bandaged due to recent surgery
2.2 Experimental set-up and apparatus
The stimulus material consisted of a white 3D 'rod-and-frame' illusion that was placed 
in front of a black curtain (see Fig. 3). Both the rod (length: 15cm, diameter: 3.5cm) 
and the surrounding frame (30 x 30 x 2.3 cm) could be rotated independently such that 
the illusion was induced. Participants wore liquid crystal occlusion goggles to prevent 
them from observing the frame and rod being rotated in-between trials. The goggles 
could be switched from opaque to transparent in less than 30 ms (for an elaborate 
description of the experimental set-up, see Craje et al., 2008).
2.3 Procedure
Participants were comfortably seated in front of the experimental set-up that was 
placed on a table (see Fig. 1). All responses were performed with the unimpaired hand. 
A trial started when the participant pressed the button on a button-box with the index 
finger. Subsequently, the goggles closed and a second experimenter manually changed 
the rod and frame orientation. When ready (within 2 sec) the second experimenter 
pressed a button to open the goggles. Opening of the goggles served as a start-signal
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for the participant to grasp the rod and place it vertically with the marker facing 
upwards in a tight fitting box that was located in front of the participant, slightly to the 
right or left of the body midline (depending on the hand used; the box was placed to 
left of the body midline when the left hand was used, and to the right when the right 
hand was used). Participants were asked to pick up the rod with a power grip, i.e., with 
the thumb on one side of the rod and the fingers on the other side, and perform the 
task as quickly as possible. Participants were not allowed to rotate the rod within their 
hand during the movement.
Figure 1. Schematic drawing of the experimental setup.
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Grip
type
Description Start
posture
End posture
Grip 
type 1
Upperhand 
grip with 
thumb 
towards the 
marker
Pronation Comfortable
Grip 
type 2
Underhand 
grip with 
thumb 
towards the 
marker
Supination Comfortable
Grip 
type 3
Upperhand 
grip with 
thumb away 
from the 
marker
Pronation Uncomfortable
Grip 
type 4
Underhand 
grip with 
thumb away 
from the 
marker
Supination Uncomfortable
m
E  IIBI
Figure 2. The grip scoring system used to establish the type of grip that participants 
used. Grip types were defined by the combination of the start posture and the end 
posture (explanation, see text).
Pre-measurement Prior to the main experiment, we performed a pre-measurement to 
determine the critical rod orientation where participants switched between grip types. 
The rod orientation at which there was an equal chance to observe both grip types was 
denoted the 'switch point' (see Craje et al., 2008). In general, switches between grip 
types occur in the lower half of the 'clock face' (e.g., Steenbergen et al., 2000), but
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individual differences are present as to the exact orientation of the rod where the 
switch occurs.
The procedure of the pre-measurement was the same as the procedure for 
the actual experimental task. However, in the pre-measurement trials the frame was 
not rotated. Thirteen rod orientations were presented in a range of 180 degrees, from 
the horizontal rod orientation with the marker on the left side (denoted as -90°), via 
the vertical rod orientation with the marker facing downwards (denoted as 0°) to the 
horizontal rod orientation with the marker on the right side (denoted as 90°). Rod 
orientations were separated by an angle of 15 degrees. Three repetitions were 
performed per rod orientation, resulting in a total of 39 trials. The pre-measurement 
took approximately 10 minutes to be carried out.
The main experiment The pre-measurement informed us on the rod orientation where 
participants switched between grip types. In the main experiment, rod orientations 
were normalized to this individual switch point, which allowed us to study the 
individual switch region in detail without overloading participants with an excessive 
amount of trials. The rod was manipulated in a range of 80 degrees around the 
individual switch point (in steps of 10 degrees), resulting in nine rod orientations (-40°, 
-30°, -20°, -10°, 0°, 10°, 20°, 30°, 40° relative to the individual switch point). The frame 
orientation was also manipulated, either 10° clockwise (CW), 10° counterclockwise 
(CCW) and a control condition where the frame was not rotated (0°). These 
manipulations created the 'rod-and-frame' illusion and yielded 27 unique conditions 
(for examples, see Fig. 3). Each condition was repeated 3 times in a completely 
randomized order, resulting in a total of 81 trials to be performed by each participant. 
The main experiment took about 25 minutes to perform.
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Figure 3. Schematic drawing of some conditions in the experiment. A. Bar 10° Frame 
0°; B. Bar 10 ° Frame 10° CW; C. Bar 10° Frame 10° CCW; D. Bar 0° Frame 0°; E. Bar -10° 
Frame 0°; F. Bar -20° Frame 0°.
2.4 Data analysis
First research question: Planning differences between participants with left and right 
hemiparesis. For every grasping action we labelled the grip type used as one of the 
three grip types (see Fig. 2). Some participants consistently switched between grip 
types as a function of (perceived) rod orientation, they either switched between grip 
type -1- and grip type -2-, or they switched between grip type -1- and grip type -3-. 
There were also participants who did switch between grip types but in an inconsistent 
manner (i.e., they switched at various rod orientations or used both switching 
strategies). Finally, some participants did not show any switches at all between grip 
types, despite the fact that they switched consistently between grip types in the pre­
measurement. Based on grip types that participants used and possible switches 
therein, we distinguished four action performance strategies. In order to be denoted a 
strategy participants had to use the particular movement pattern in at least 95% of the 
trials.
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1) 'comfortable end' strategy: Participants switched between supinated and 
pronated initial postures in order to end the task in a comfortable end posture, 
thus switching between grip type -1- and grip type -2-. This strategy is commonly 
observed in healthy (control) participants that plan the end of the entire task 
(Craje et al., 2008).
2) 'pronation start' strategy: Participants always used a pronated start posture, 
resulting in a comfortable posture when grasping the rod, thus switching between 
grip type -1- and grip type -3-. Note that this strategy results in participants ending 
the entire task with both, comfortable and uncomfortable postures. Such a 'start 
comfort' strategy was previously observed in participants with CP (Steenbergen et 
al., 2000).
3) 'no switch' strategy: Participants did not switch between different grip types and 
used the same grip type during the entire experiment.
4) 'no consequent' strategy: Movement patterns are characterized by more than 
one strategy and by more than one switch point.
Note that in strategies 1 and 2 only one switch point is present, while no switch points 
are present in strategy 3, and multiple switch points in strategy 4. Importantly, 
anticipatory planning, or the amount of anticipatory planning, decreases from strategy 
1 to 4. In strategy 1, the end of the complete task is incorporated in the planning 
process, whereas in strategy 2 only the intermediate goal, that is grasping the rod, is 
incorporated in the planning process. In strategy 3 participants show no adaptation to 
the changing task demands, whereas in strategy 4 anticipatory planning was 
inconsistent. We evaluated the distribution of strategies between the two hemiplegic 
groups using a chi-square analysis.
Second research question: The use of visual information for action planning. We 
assessed whether the location of the switch point was affected by visual information 
that was provided by the illusion. Note that this analysis was restricted to participants 
who showed consistent switches between different grip types (strategies 1 and 2). It 
was not possible to perform this analysis for participants that did not switch between 
grip types or switched at multiple rod orientations (strategies 3 and 4). The switch 
point was defined as the rod orientation where there was an equal chance for 
participants to use grip type -1-, and grip type -2- (for the 'comfortable end' strategy) 
or grip type -3- (for the 'pronation start' strategy). As participants in both, the
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'comfortable end' strategy group and the 'pronation start' strategy group, used grip 
type -1-, we used the frequency of grip type -1- to assess the switch point irrespective 
of the used strategy. For each participant separately, logistic (S-shaped) functions were 
fitted through the mean frequency of grip type -1-, separately for the three frame 
orientations according the function:
y =  11 +  e ~ k (x “ c}
where y is the assigned score, i.e., the location of the switch point, x is the rod 
orientation, c is the rod orientation of the switch point and k is a measure of the slope 
at that point (see Craje et al., 2008; Van Doorn et al., 2007). After calculation of the 
switch points in the three conditions, the exact effect of the frame rotation could be 
calculated by the absolute difference score between the value of the switch point in 
the control condition (i.e., frame 0°) and the value of the switch point in the 
experimental conditions (i.e., frame 10° CCW and frame 10° CW). An effect of the 
frame rotation is revealed when the absolute difference score is significantly different 
from zero. To this end, one sample T-tests were conducted.
3. Results
First, we examined if there were differences in IQ and severity of paresis between 
participants with left (n = 12) and right (n = 10) hemiparesis, which could confound the 
results. First, we compared the IQ-scores (i.e., PIQ, VIQ and TIQ) among participants 
with left and right hemiparesis using Independent-Samples T-tests. No significant 
differences were discerned, indicating that both groups were comparable regarding 
their intellectual abilities. In addition, we compared the severity of paresis by 
comparing the scores on the hand function tests, the Purdue Pegboard Test (PP) and 
Box and Blocks Test (BB), among participants with left and right hemiparesis using 
Independent-Samples T-tests. Test scores of the impaired hand, unimpaired hand, and 
the ratio between the hands (score impaired hand/score unimpaired hand) did not 
differ among both groups. Thus, possible differences between left and right 
hemiparesis are also unlikely to be due to differences in severity of paresis between 
the two groups.
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3.1 First research question: Planning differences between participants with left and 
right hemiparesis.
To investigate planning, we assigned each participant to a strategy group based on the 
grip types that participants used. We found that participants used three different grip 
types to grasp the rod: grip type -1-, a pronated initial posture resulting in a 
comfortable end posture, grip type -2-, a supinated initial posture resulting in a 
comfortable end posture, grip type -3-, a pronated initial posture resulting in an 
uncomfortable end posture (see Fig. 4). For each participant individually, we 
determined the frequency of use of every grip type. Based on their individual grip type 
distribution each participant was assigned to one of the four strategy-groups: 
'comfortable end' strategy, 'pronation start' strategy, 'no switch' strategy or 'no 
consequent' strategy (see Table 2). Participants in the 'comfortable end' strategy and 
in the 'pronation start' strategy showed consistent switching between grip types in 
performing the task, resp. always ending with a comfortable end posture and 
switching between pronated and supinated start postures; and always using a 
pronated start posture and switching between comfortable and uncomfortable end 
postures. The remaining participants, who were assigned to either the 'no switch' or 
'no consequent' strategy groups, did not show consistent switching between grip types. 
To test if the differences in strategy were related to IQ or severity of paresis we 
performed one-way ANOVAs. The results did not reveal significant differences in IQ 
and severity of paresis between the four strategy-groups, ruling out an explanation in 
terms of IQ and severity of paresis. Importantly, the distribution of strategies was 
different among participants with left hemiparesis and right hemiparesis (see Table3). 
For participants with left congenital hemiparesis (n = 12), the majority used a 
consistent switching strategy. Most participants of this group adopted a 'pronation 
start' strategy (n = 7; 58,3%), and 2 participants used the 'comfortable end' strategy 
(16,7%). The remaining 3 participants in this group did not switch at all and therefore 
adopted a 'no switch' strategy (25%). The distribution of strategies in the group of 
participants with right congenital hemiparesis (n = 10) was almost the opposite of 
those with left hemiparesis. In this group, most participants either did not switch at all 
(n = 4; 40%) or employed 'no consequent' strategy (n = 3; 30%). Only a minority of 
participants in this group switched consistently between grip types and this switch was
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such that they adopted a 'pronation start' strategy (n = B; B0%). None of the 
participants of right hemiparesis group used the 'comfortable end' strategy. The 
distribution of strategies was significantly different between both hemiparesis groups 
(Y2 (B) = 6.17, p < .0S, with Monte-Carlo simulation), indicating that planning was more 
proficient in participants with left congenital hemiparesis than in participants with 
right congenital hemiparesis.
Table 2
Distribution of grip choice (in frequencies) in the 81 trails and strategy assigned per 
participant.
Partici
pant
HCP Start Pro : 
Supi
End Co : 
Un
Grip 
type 1
Grip 
type 2
Grip 
type 3
Strategy
1 R 71 : 10 1S : 66 S 10 66 PS
2 R 81 : 0 44 : B7 44 0 B7 PS
B R 81 : 0 BB : 48 BB 0 48 PS
4 R 81 : 0 81 : 0 81 0 0 NS (Grip 1)
S R 81 : 0 7 : 74 7 0 74 NS (Grip B)
6 R S : 76 81 : 0 S 76 0 NS (Grip 2)
7 R 81 : 0 79 : 2 79 0 2 NS (Grip 1)
8 R 4S : B6 49 : B2 1B B6 B2 NC
9 R S7 : 24 B0 : S1 6 24 S1 NC
10 R B8 : 4B 18 : 6B 20 4B 18 NC
11 L 27 : S4 81 : 0 27 S4 0 CE
12 L S0 : B1 77 : 4 27 S0 4 CE
1B L 78 : B B4 : 47 B1 B 47 PS
14 L 81 : 0 19 : 62 19 0 62 PS
1S L 81 : 0 4S : B6 40 0 41 PS
16 L 81 : 0 41 : 40 4S 0 B6 PS
17 L 81 : 0 40 : 41 40 0 41 PS
18 L 81 : 0 10 : 71 10 0 71 PS
19 L 81 : 0 22 : S9 22 0 S9 PS
20 L 81 : 0 7S : 6 7S 0 6 NS (Grip 1)
21 L 81 : 0 1 : 80 1 0 80 NS (Grip B)
22 L 81 : 0 76 : S 76 0 S NS (Grip 1)
Note. HCP : Hemiparetic Cerebral Palsy (L = left body side impaired, R = right body side impaired); Pro : 
pronation; Supi : Supination; Co : comfortable; Un : uncomfortable; CE : Comfortable Ender; PS : 
Pronation Starter; NC : No Consequent Strategy; NS : No Switch.
SS
Table 3
Distribution of strategies used in the two hemiparetic Cerebral Palsy (HCP) groups.
Strategy Left HCP Right HCP
1. Comfortable end strategy 2 of 12 (16.7%) 0 of 10 (0%)
2. Pronation start strategy 7 of 12 (58.3%) 3 of 10 (30.0%)
3. No switch strategy 3 of 12 (25.0%) 4 of 10 (40.0%)
4. No consequent strategy 0 of 12 (0%) 3 of 10 (30.0%)
3.2 Second research question: The use of visual information for action planning.
The second research question of this study was whether participants' action planning 
(i.e., grip selection) was affected by illusionary visual information about rod orientation 
induced by the frame. This analysis only included the 12 participants that employed 
the 'comfortable end' or 'pronation start' strategy (i.e., the participants that employed 
a consistent switching strategy, see Table 2). Importantly, these were 9 participants 
with left hemiparesis (7 'pronation start' strategy, 2 'comfortable end' strategy), and 3 
participants with right hemiparesis (all 'pronation start' strategy). Using logistic fit 
curves, we calculated for each participant the rod orientation at which they switched 
between grip types in the control condition, i.e., the non-rotated frame, and in the two 
experimental conditions where the frame was tilted either 10° CCW or 10° CW. Hence, 
for every participant three switch points were calculated. Next, we calculated the 
absolute difference (in degrees) between the switch points for the two experimental 
conditions and the control condition. Figure 4 presents the data of four participants.
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Figure 4. The illusion effect for four participants, i.e., the absolute difference in 
degrees between the switch point of the experimental conditions (frame 10° CCW 
and frame 10° CW) and the control condition (frame 0°). The x-axis represents the 
frame orientations (10° CCW, 10° CW), whereas the y-axis represents the shift in 
location of the switch points in degrees.
For all participants together the effect of frame 10° CCW was on average 5.6°, 
which significantly differed from zero (T (11) = 2.19, p < .05). The effect of frame 10° 
CW was on average 8.3°, which was also significantly different form zero (T (11) = 2.62, 
p < .05). These magnitudes closely resemble those found in healthy participants 
without neurological damage performing the same task (9.3° for the 10° CCW frame 
and 7.4° for the 10° CW frame, respectively; Crajé et al., 2008).
We also examined whether these effects were related to the side of the 
hemispheric lesion. Note that this only includes 3 participants with right hemiparesis 
and 9 with left hemiparesis. Figure 2 shows the average effects for participants with 
left and right hemiparesis separately for frame 10° CCW and frame 10° CW. Systematic 
relations between frame orientation effects and the side of the hemispheric lesion are 
not immediately evident from Figure 5.
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Figure 5. Average illusion effect for both hemiparetic groups, with the dark grey bars 
representing the left hemiparetic cerebral palsy (HCP) group and the light grey bars 
representing the right HCP group. Error bars represent 2 SE.
4. Discussion
The present study had two research questions. First, we compared action planning in a 
sequential task between participants with left and right congenital hemiparesis under 
the assumption that compromised action planning would be especially evident in 
participants with right hemiparesis. Second, we examined the use of visual information 
for action planning in participants with left and right congenital hemiparesis. The 
results showed that the majority of the participants (n = 20; 91%) did not plan the 
actual end of the task. These findings clearly diverge from earlier observations in a 
group of participants without neurological damage, where the majority of the 
participants planned the end of the task (Crajé et al., 2008). In line with our hypothesis, 
action planning in participants with right hemiparesis was shown to be more severely 
affected than in participants with left hemiparesis. Furthermore, in participants with a 
consistent planning strategy, it was shown that the visual information was used in a 
systematic matter to plan the upcoming action.
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Before elaborating on these results we will comment on potential 
confounding factors. Specifically, we assessed whether our results could be explained 
by individual differences in IQ and/or the severity of paresis. First, we found no 
differences in IQ-scores or hand function tests among participants with left and right 
hemiparesis, thus assuring that a reliable comparison between these two groups of 
participants could be made. Second, IQ and severity of paresis did not differ among 
strategy-groups, indicating that the adopted strategy could not be explained by 
individual differences related to severity of paresis or IQ. Yet, some comments on the 
absence of neuro-imaging data in our study are justified. Since for the majority of 
participants neuro-imaging data was not available, we cannot be certain that the brain 
damage is strictly unilateral. Hence, any conclusions regarding left or right sided 
lesions need to be made with due caution. Then again it is worthy of mentioning that 
in CP the relation between neuro-imaging data and clinical condition is not 
unequivocal. It has been argued, for instance, that since CP is a clinical condition, 
neuro-imaging data is not a pre-condition for its diagnosis (Korzenieski et al., 2008). 
Further, the location of the brain damage is not always a good predictor of the clinical 
condition (Kwong et al., 2004), instead it may be the timing of the occurrence that is 
more important (Okumura & Hayakawa, 2000). Finally, it has been suggested that 
plasticity of the brain leads to relative normal neuro-anatomy despite severe disorders 
in visuo-motor behaviour (Steenbergen & Meulenbroek, 2006).
4.1 First research question: Planning differences between participants with left and 
right hemiparesis.
Approximately half of the participants (n = 12; 55%) did systematically switch between 
different grip types and thus employed consistent planning strategies. We identified 
two such strategies that differed in the degree of anticipation of the forthcoming task: 
1) 'comfortable end' strategy (anticipating the end goal of the task) and 2) 'pronation 
start' strategy (anticipating the intermediate goal of grasping the bar). In the 
'comfortable end' strategy, participants always ended the task with a comfortable end 
posture and therefore switched between different start postures, indicating 
anticipatory planning of the end of the complete task. Such a strategy has repeatedly 
been reported in neurologically healthy control participants that perform sequential 
tasks (e.g., Crajé et al., 2008; Rosenbaum et al., 1996; Weigelt et al. 2006). Strikingly, in
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the present study this 'comfortable end' strategy was only adopted by two participants 
(9%). Participants adopting the 'pronation start' strategy always used a pronated, 
comfortable, start posture (see Mutsaarts et al., 2005 for a similar finding). This 
strategy exemplifies that they only planned the first part of the sequential task, that is, 
the initial posture when taking hold of the rod. These 'pronation start' participants did 
not take into account the task demands of the entire task, resulting in both 
comfortable and uncomfortable end postures. The 'pronation start' strategy was 
observed in ten participants (45%). Together, these findings corroborate other studies 
that have shown compromised planning abilities in individuals with CP (Mutsaarts 
2005, 2006; Steenbergen et al., 2000, 2004; Steenbergen & Van der Kamp, 2004).
Importantly however, nearly half of all the participants (n = 10; 45%) did not 
adopt a consistent planning strategy when performing the sequential task with their 
unimpaired hand. Seven of these participants did not switch at all between different 
grip types (i.e., 'no switch' strategy). It can be argued that they entertained a very 
smart strategy allowing them to end the movement with a comfortable posture, 
without the costs to switch between different start postures (participants 4, 6, 7, 20, 
22). However, this argumentation does not hold for participants 5 and 21, who always 
used a pronated start posture resulting in an uncomfortable end posture. Another 
explanation is that these participants did not plan a specific grip type for each 
individual trial, but simply used the same grip type as in the previous trial (see also 
Mutsaarts et al., 2004). The three participants in the 'no consequent' strategy group 
employed different ways to solve the task during the experiment, i.e., they had more 
than one switch point, or they switched between strategies during the experiment. 
Hence, although participants in both the 'no switch' strategy and the 'no consequent' 
strategy managed to perform the task, the means by which this was done were not 
indicative of anticipatory planning. Thus, as a group, nearly half of the participants with 
congenital brain damage did not consistently tailor their action planning to the 
demands of the task.
We further scrutinized the role of side of hemiparesis on anticipatory planning. 
The majority of participants with left hemiparesis (9 of 12 participants; 75%) showed 
consistent planning, whereas only a minority of participants with right hemiparesis (3 
of 10 participants; 30%) did so. These results suggest that action planning problems in 
sequential tasks are especially prevalent in participants with right hemiparesis, viz. left 
hemisphere damage. These findings are consistent with and extend previous findings
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on the specialized role for the left hemisphere in motor selection and planning 
processes in healthy individuals (Haaland & Harrington, 1998; Johnson-Frey, 2004b; 
Rushworth et al., 1997; Schluter et al., 1998, 2001; Vingerhoets, 2008).
4.2 Second research question: The use of visual information for action planning
Our second research question was related to the use of visual information for action 
planning. As it was only possible to compare between conditions if participants 
switched from one grip type to another, only the twelve participants that employed a 
consistent strategy were included in this analysis, nine of whom had left hemiparesis 
and three of whom had right hemiparesis. The main finding in this group of 
participants was that frame rotation significantly affected the rod orientation at which 
participants switched between grip types, although some inter-individual differences 
were apparent (see Fig. 1, see also Craje et al., 2008). These inter-individual 
differences may have resulted from the individual switching orientations being located 
in different quadrants or from individual differences in sensitivity to the illusion (Beh & 
Wenderoth, 1971; DiLorenzo & Rock, 1982). Thus, action planning was systematically 
affected by the visual context information, indicating that this subgroup of participants 
with hemiparesis used visual information to plan the upcoming action. A similar effect 
of visual context on action planning, i.e., an illusionary bias in action planning, was 
found previously in participants without neurological damage (e.g., Aglioti et al., 1995; 
Craje et al., 2008; Van Doorn et al., 2007). Thus, although participants with 
hemiparesis are often not engaged in forward planning, they can, and do, use visual 
context information for action planning.
Remarkably, ten participants did not (consistently) switch between grip types, 
despite the fact that they showed consistent switching in the pre-measurement. It may 
be speculated that manipulation of the frame orientation during the experiment 
interfered with consistent action planning in these ten participants. Stated differently, 
during the actual experiment, visual information was not consistently used for action 
planning. This finding may suggest difficulties with the integration of (increasingly 
complex) visual information for action planning, i.e., visuo-motor integration. Previous 
studies have found impaired integration of proprioceptive sensory information and 
action planning in CP. Gordon and co-workers examined the integration of 
proprioceptive input and motor output during anticipatory force planning with the
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impaired hand in children with CP (e.g. Duff & Gordon, 2003; Gordon et al., 1999, 
2006a; Gordon & Duff, 1999). Children with CP were unable to scale the grip and load 
force of the impaired hand based on the weight of the object (established in the 
previous trial). Thus, these children have an impaired ability to plan the force output in 
advance in an anticipatory manner, which was suggested to be due to disturbed 
sensory information processing of the impaired hand (Gordon et al., 1999; Gordon & 
Duff, 1999).
Additionally, we found that most of the participants that did not show 
consistent switching, were participants with right hemiparesis. In a recent study 
(Gonzalez et al., 2006) it was argued that visuo-motor integration may be different in 
both hemispheres. Gonzalez et al. had left and right handed healthy control 
participants grasp pictorial illusions with the preferred and the non-preferred hand. 
The results showed that grasping movements (i.e., maximum grip aperture) with the 
left hand were more affected by the visual illusion than movements with the right 
hand, both, in left and right handers. Gonzalez et al. conclude that the left hemisphere 
(controlling the right hand) is specialized in visuo-motor control during grasping (for 
similar findings see Lavrysen et al., 2007). Although the findings of Gonzalez et al. are 
restricted to on-line control processes, our finding that participants who showed 
inconsistent planning strategies in the presence of visual context (but not in its 
absence) were mostly participants with right hemiparesis might suggest a similar 
specialized left hemispheric role for visuo-motor integration for action planning. 
Further research on hemispheric specialization of visuo-motor integration may 
advance our insights in the underlying processes that cause compromised planning in 
CP (e.g., Verrel et al., 2008).
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Action planning in typically and atypically developing 
children (unilateral CP)
Chapter 3
Based on:
Craje, C., Aarts, P., Nijhuis-Van der Sanden, M., & Steenbergen, B. (2010). Action 
planning in typically and atypically developing children (unilateral CP). Research in 
Developmental Disorders, 31, 1039-1046.
In the present study, we investigated the development of action planning in children 
with unilateral Cerebral Palsy (CP, aged 3-6y, n = 24) and an age matched control group. 
To investigate action planning, participants performed a sequential movement task. 
They had to grasp an object (a wooden play sword) and place the sword in a hole in a 
wooden block. Our main dependent variable was the grip type that participants used,
i.e., did they adapt their initial grip choice such that they would reach a comfortable 
posture at the end of the action? This end-state comfort effect has been abundantly 
shown in research on action planning, and is taken as evidence for anticipatory 
planning. The first aim of the study was to investigate the development of action 
planning in the unilateral CP group and the control group. Our hypothesis was that 
action planning improves with age in the control group, but not in the unilateral CP 
group. The results showed that planning was impaired in the unilateral CP group 
compared with the control group. Consistent with our hypothesis, we found an age 
effect in the control group, but not in the unilateral CP group. In the control group 5 
and 6 years olds showed more anticipatory planning compared with the 3 and 4 years 
olds. The second aim of this study was to examine whether an intervention for children 
with unilateral CP (i.e., constrained induced movement therapy combined with 
bimanual training) affected action planning. The children with unilateral CP were 
therefore measured on the experimental task before and after an 8-week intervention 
period. The results showed that planning improved after the intervention. This finding 
suggests that action planning ability in young children with unilateral CP may be 
sensitive to improvement. These findings are discussed within the context of typical 
and atypical development of action planning and further guidelines for intervention in 
children with unilateral CP are given.
1. Introduction
The age span between 3 and 10 years is critical for the development of motor control 
in children, as evidenced by both behavioural studies (Ferrel et al., 2001; Hay, 1979; 
Hay et al, 2005; Smyth & Mason, 1997; Thibaut & Thoussaint, 2010) as neuroimaging 
studies (Casey et al., 2005a). In this age period, motor and sensory areas develop first, 
followed by higher order areas, such as the prefrontal cortex, which develop later
Abstract
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(Casey et al., 2005b). An important aspect of motor control is motor planning. Motor 
planning can be defined as the ability to take the upcoming task demands into account 
when first taking hold of an object (Johnson-Frey et al., 2004; Mutsaarts et al., 2005, 
2006; Steenbergen et al., 2004). For example, a cup that is placed upside down and 
that needs to be turned over is initially grasped with an uncomfortable posture (thumb 
down, supination of forearm), such that the arm is in a comfortable posture (thumb up, 
pronation of the forearm) when the cup is turned over, i.e., at the end of the task. This 
phenomenon implies that participants planned the end of the action. Several studies 
showed that (adult) participants prefer to end an action with a 'comfortable end 
posture' and sacrifice comfort of the initial posture in order to attain this goal (e.g., 
Rosenbaum, et al., 1992).
Until present, the development of action planning in sequential tasks in 
children has only received limited attention, and results are inconclusive. For example, 
Adalbjornsson, et al., (2008) studied two cohorts of children (2-3 years and 5-6 years) 
that had to rotate a cup in order to pour water in it. They found that only a minority 
(11 of 40) of the children adapted their start posture in order to end the movement in 
a comfortable posture. No differences between these age groups were found. These 
findings suggest that action planning does not develop until age 6 (for consistent 
findings, see also Manoel & Moreira, 2005). In contrast, Smyth and Mason (1997) 
found that end posture planning developed in children between 3 and 8 years of age. 
Children had to rotate a bar, placed in different start orientations, into a target 
orientation. It was observed whether the children showed anticipatory planning, i.e., if 
they adapted the initial hand posture in order to reach a comfortable end posture. 
Results showed that planning improved with age, suggesting action planning develops 
between 3 and 8 years of age, although it has not yet reached adult levels at age 8. 
Consistently, Thibaut and Thoussaint (2010) showed that action planning increased 
from age 4 and till age 10. At age 10, a similar pattern of results was observed as has 
been observed in adults.
Cerebral Palsy (CP) is a developmental disorder of movement and posture 
(Bax et al., 2005). With a prevalence of 2.0-2.5 per 1,000 living births, CP is the most 
common cause of severe disability in childhood (Blair & Watson, 2005). One of the 
most frequently occurring forms of CP is unilateral CP, where one vertical body side is 
affected, as a consequence of brain damage that primarily affects one hemisphere. 
Recently it has been proposed that the compromised action performance of children
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with unilateral CP is not only due to problems in action execution, but is also related to 
problems with action planning (Steenbergen & Gordon, 2006; Steenbergen et al., 
2007b). Participants with unilateral CP were shown to be compromised in their 
capacity to be engaged in anticipatory action planning when using their unaffected 
arm (Mutsaarts et al., 2006; Steenbergen, et al., 2000, 2004). Instead of planning the 
end of the action they were shown to use a step-by-step planning strategy. That is, 
they first plan the movement towards the target object, and only after having grasped 
the object the next movement is subsequently planned (Mutsaarts et al., 2005; 
Steenbergen & Van der Kamp, 2004). This is in contrast with control participants that 
plan the entire action sequence prior to the start of the first movement. Rehabilitation 
efforts in children with unilateral CP are predominantly aimed at facilitation of the 
motor execution problems of the affected side. The beneficial effects of rehabilitation 
programs are often established by measures of movement execution, for example, the 
assessment of wrist flexion and extension, motor proficiency and speed, or ratings of 
movement quality (Charles & Gordon, 2007; Eliasson & Gordon, 2000; Gordon et al., 
2006b; Taub et al., 2004). However, the potential beneficial effects of therapeutic 
programs on motor planning have never been scrutinized.
The first aim of the present study was to investigate action planning in young 
children (aged 3-6) with and without unilateral CP as this age range is critical for the 
development of planning in typically developing children. Based on previous literature 
we expected to find an increase in end posture planning with age in the typically 
developing children. In contrast, as ample evidence suggests that action planning is 
impaired in adolescents with unilateral CP (Crajé et al., 2009; Mutsaarts et al., 2005; 
2006), we expect no developmental improvement in action planning in the children 
with unilateral CP.
The second aim of our study was to examine whether action planning in 
children with unilateral CP is prone to change after intervention. Until now, it has not 
been investigated whether action planning capacities can be improved by therapeutic 
programs. This is surprising given the constraining effects of compromised planning on 
action performance (Steenbergen & Gordon, 2006). Therefore, our second aim of the 
present study was to explore the potential beneficial effect of an 8-week period of 
intensive hand function training on motor planning in children with unilateral CP (Aarts 
et al., in press). Despite the fact that the training was mainly focused on the affected 
side, we hypothesize that it may alleviate motor planning of the less affected side
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based on two lines of evidence. First, anticipatory planning is based on previous 
manipulatory experience with an object (Salimi et al., 2000) and variability of practice, 
a facet that is central in CIMT, may further promote anticipatory planning (Schmidt & 
Wrisberg, 2000). Second, anticipatory planning can be transferred between both body 
sides in both healthy children and adults (Gordon et al., 1994; Westling, & Johansson, 
1984). Specifically, weight and friction information of an object gained during previous 
lift with one hand can be used to scale the fingertip forces during subsequent 
manipulations with the contralateral hand. More importantly, in a recent study, 
Gordon et al. (2006a) studying children with unilateral CP, showed that performance 
related to anticipatory fingertip force control can be improved in the less-affected side 
if movements are first performed with the affected hand. Based on these two lines of 
evidence we hypothesize that intensive and variable upper limb training may be 
beneficial for motor planning of the less-affected side.
2. Methods
2.1 Participants
The unilateral Cerebral Palsy (CP) group consisted of 24 children between 3 and 6 
years of age (n = 6 for each age group, see Table 1 for participant information). Eleven 
children had their left arm affected (left unilateral CP), and 13 children had their right 
arm affected (right unilateral CP). All children with CP were recruited from an upper 
limb training program for young children (3-6 years of age) with unilateral CP. Upper 
limb function of the affected arm was assessed with the Melbourne Assessment of 
unilateral upper limb function (Randall, 1999). The age matched control group 
consisted of 24 children (5 left handers). Parents gave permission for their children to 
participate. The study was approved by the local ethics committee.
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Table 1
Participant information
Participant Affected hand Age Sex Melbourne score
1 R 3 M 51
2 R 3 M 43
3 L 3 F 50
4 L 3 F 61
5 L 3 F 76
6 L 3 M 46
7 R 4 M 71
8 R 4 M 73
9 R 4 M 38
10 L 4 M 47
11 L 4 M 62
12 L 4 M 65
13 R 5 F 74
14 R 5 F 56
15 R 5 F 48
16 R 5 F 68
17 R 5 F 65
18 L 5 M 62
19 R 6 F 61
20 R 6 F 28
21 R 6 M 67
22 L 6 M 61
23 L 6 F 69
24 L 6 M 73
Note. The Melbourne measures upper limb capacities of the affected hand, with a
minimum score of 0 and a maximum score of 100
2.2 Upper limb training
All children with unilateral CP were enrolled in the so called 'Pirate group' at the 'Sint 
Maartenskliniek' in Nijmegen, The Netherlands. This child centred intervention 
consisted of a combination of 6 weeks constrained induced movement therapy (CIMT) 
followed by 2 weeks of bimanual training (BiT), for 9 hours a week (Aarts et al., in 
press). These 2 weeks provide the opportunity to apply the use of the affected hand in
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bimanual activities. Individual therapy was given in groups of 6 children by 4 
occupational therapists, 1 physical therapist and 1 therapy assistant using shaping and 
repetitive task practice. In the training program the children were told to be pirates 
that are wounded on the less-affected arm. The training consisted of (among others) 
actions that were related to the pirate setting, like using a sword, beat the drums, 
sweep the deck, and cook for the other pirates. Inclusion criteria for the Pirate group 
were: (1) Cerebral Palsy with a unilateral or severely asymmetric, bilateral spastic 
movement impairment, (2) age 2 to 8 years1 and (3) Manual Ability Classification 
System (MACS, Eliasson, et al., 2006) scores I, II or III. Exclusion criteria were: (1) 
intellectual disability such that simple tasks could not be understood or executed (i.e., 
developmental age below 2 years), (2) inability to combine the study protocol with the 
regular school program, and (3) ability to walk independently without a walking aid.
2.3 Procedure
The experimental task to measure anticipatory action planning was developed to 
attract the attention of the 'pirates'. It consisted of stinging a wooden sword into a 
tight hole in a wooden block. The experimental task was not specifically exercised 
during the training. During the experiment, each child sat on his/her own height 
adjusted 'tripp-trapp chair' such that the feet were supported and the child could rest 
the underarms on the table. A wooden sword (length 18,0 cm, width 2,0 cm, height 1,2 
cm, length handle 9,5 cm ) was placed on the table and had to be stung into a tight 
fitting hole in a wooden block (27,0 x 13,0 x 13,0 cm, hole: 2,0 x 0,8 cm). The sword 
was always presented on a sheet of paper (30 cm long and 28 cm width) with a mold 
on it of 6 possible sword rotations (see Figure 1). Only the long side of the sword (the 
blade), which was more flat than the sword handle, could be inserted in the hole. The 
child was told that we wanted to learn from a real pirate how a sword had to be placed 
in a wooden block, and the child was asked to show this. The experiment always 
started with a simple trial that did not require any sword rotation (position 1). After 
successful performance, we asked to show us the trick again, but now when the sword 
was placed in a different start rotation. Every rotation was repeated three times in
1 Notably, not all children were included in the present study, as the group sizes of the 2, 7 
and 8 years olds were too small.
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random order, resulting in a total of 18 trials per child. The children performed the task 
with the less-affected hand. Control children used the dominant hand. No specific 
instructions were given about the way in which the task should be performed. The 
experimental session, that never exceeded 10 minutes, was registered with a digital 
video camera for off line data analysis. In the unilateral CP group two sessions were 
performed, one prior to, and one immediately following the training (8 weeks later). 
Control children performed one session.
Figure 1. The experimental setup from the participants' perspective, with the sword at 
start position 3 in this particular trial (A). The required end position is shown in figure 
A. Start positions were numbered 1 to 6 in a clockwise direction. The sword position 
with the blade towards the target location was designated as position 1.
2.4 Data analysis
We were interested in the grip choice as a function of the rotation angle of the sword. 
Therefore, it was scored whether the posture of the hand at the end of the action was 
comfortable, i.e., with the thumb towards the end goal (see Fig 2A), or uncomfortable, 
i.e., with the thumb opposite to the end goal (see Fig 2B). For analyses we
70
distinguished between critical trials and control trials. Critical trials were defined as 
trials where an uncomfortable start posture was needed to allow a comfortable end 
posture. Control trials were trials where a comfortable start posture resulted in a 
comfortable end posture. Hence, planning was especially required in the critical trials. 
For data analyses the proportion of comfortable end postures in the critical conditions 
and the control conditions were used. For the critical conditions sword orientations 2 
and 3 were used for the right handers, and sword orientations 5 and 6 for the left 
handers. The remaining orientations were regarded as control conditions (i.e., for the 
left handers orientation 1, 2, 3 and 4, and for the right handers orientations 1, 4, 5 and 
6). Thus, for every participant there were two scores, an average for the critical 
conditions and an average for the control conditions.
Figure 2. Comfortable end posture (A) and uncomfortable end posture (B).
We conducted the following analyses. First, we compared the unilateral CP group with 
the age matched typically developing children (3y - 6y) using a repeated measures 
ANOVA with 1 within subjects factor (Condition: critical versus control) and 2 between 
subjects factors (Age [3y, 4y, 5y, and 6y] and Group [unilateral CP and control]). 
Second, the effect of training was evaluated within in the unilateral CP group using a 2 
(Condition: critical versus control) x 2 (Measurement: pre versus post) repeated 
measures ANOVA with Age (3y, 4y, 5y, and 6y) as between subjects factor.
71
Our main dependent variable was the planning strategy that the children used to solve 
the task. Trials in which children were not paying attention or were playing, were not 
used in the analysis (82 trials, 7%). The data were normally distributed.
3.1 Development of action planning in the unilateral CP group and the control group 
The proportions comfortable end postures in the control and critical conditions, 
separated for age and group, are depicted in Fig 3. First, there were significant 
between subjects effect of Group (F (1,32) = 7.88, p < .01) and Age (F (3,32) = 3.207, p
< .01). The effect of Group indicates that the proportion comfortable end postures was 
higher in the control group compared with the unilateral CP group, whereas the effect 
of Age indicates that the proportion comfortable end postures increased with age. 
Second, there were significant within subject effects of Condition and an interaction 
effect of Condition * Group * Age. These effects indicate that the proportion 
comfortable end postures was higher in the control conditions, compared with the 
critical conditions (main effect of Condition (F (1,40) = 284.79, p < .001)). This effect 
was the same in the control group and in the unilateral CP group, as there was no 
interaction effect of Condition * Group (F < 1). However, the 3-way interaction effect 
of Condition * Group * Age (F (3,40) = 4.70, p < .01) indicates that this difference was 
not similar for all age groups within the two groups. Post-Hoc comparisons with 
Bonferroni correction showed that the proportion comfortable end postures was 
different for control and critical conditions for all age groups in the unilateral CP group, 
but only for the 3 and 4 years old in the control group. Thus, for the 5 and 6 years olds 
in the control group there was no significant difference between control and critical 
conditions. This finding suggests that the proportion comfortable end postures 
increases with age in the control group, but not in the unilateral CP group.
3. Results
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Figure 3. The proportion comfortable end postures for the control group (left) and 
the unilateral CP group (right), separated for age. Dark grey bars represent control 
conditions, whereas light grey bars represent critical conditions. Error bars 
represent 2 SE.
3.2 Effect of training
We found a significant main effect of Measurement (F (1,20) = 13.77, p < .01) which 
indicates that the proportion anticipatory planned trials was higher in the post 
measurement compared with the pre measurement (see Fig 4). A significant main 
effect of Condition (F (1,20) = 145.80, p<.01) indicated that proportion anticipatory 
planned trials was higher in the control trials compared with the critical trials. This is as 
expected, as planning is especially required in the critical trials. Planning improved in 
both the control and the critical conditions, as there was no interaction effect of 
Measurement * Condition. Finally, there were no (interaction) effects of Age, 
indicating the improvement was similar in the age groups.
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Figure 4. The proportion comfortable end postures in the unilateral CP group before and 
after intervention. Dark grey bars represent control conditions, whereas light grey bars 
represent critical conditions. Error bars represent 2 SE.
3.3 Correlation with Melbourne Scores
To investigate if the severity of hand function affected the improvement of the training, 
we calculated the Pearsons' correlations between the Melbourne scores and the 
individual difference in proportion anticipatory planned trials before and after training, 
viz. planning improvement. A significant correlation was found between Melbourne 
and difference score for the Control trials (p = -.432, p < .05), whereas the correlation 
between Melbourne and difference score for the Critical trials was not significant (p = - 
.354, p = .09). This finding suggests that participants with lower Melbourne scores have 
more improvement on the relatively easy conditions.
4. Discussion
In the present study we investigated the development of action planning in typically 
developing children and young children with unilateral CP (four age cohorts, 3, 4, 5,
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and 6 years). In line with our hypothesis, we found that planning improved with 
increasing age in the typically developing children. The younger children (aged 3 and 4) 
had a low proportion of comfortable end posture in the critical conditions. In the 
majority of trials they used a comfortable start posture to grasp the sword, which 
resulted in an uncomfortable end posture. This finding suggests they did not plan the 
movement ahead. For the older children (aged 5 and 6), the proportion of comfortable 
end postures was, higher, and similar for the critical and control conditions, suggesting 
an increased level of anticipatory planning in comparison with the 3 and 4 years olds. 
However, overall, the older children did not reach a level that was similar to adults, as 
they did not show end posture planning in all (i.e., control and critical) trials, 
suggesting that planning is not adult-like at age 6. This finding replicates previous 
findings in the literature, which showed improvement in planning until age 10 (Manoel 
& Moreira, 2009; Thibaut & Thoussaint, 2010).
As anticipated, the proportion comfortable end postures was lower in the 
unilateral CP group, compared with the control group. This finding is consistent with 
other studies in adolescents with unilateral CP that have repeatedly shown impaired 
action planning (e.g., Steenbergen & Gordon, 2006). We did not find an age effect on 
action planning in the unilateral CP group, suggesting the planning capacities did not 
change between 3 and 6 years of age. This was in line with our hypothesis, because 
compromised action planning has been shown in older children with unilateral CP 
(Mustaarts et al., 2005; 2006). Interestingly however, our results showed that action 
planning in the unilateral CP group improved after an intervention period. This finding 
suggests that planning can be trained in children with unilateral CP. As far as we know 
this is the first study to show planning capacities can be improved in young children 
with unilateral CP. This is an important finding, as planning problems do not only affect 
the affected hand, but also the unaffected hand, which has a major impact on activities 
of daily life (Mutsaarts et al., 2006; Steenbergen et al., 2000, 2004). Further studies are 
warranted to investigate 1) the best form of intervention to train planning capacities; 
and 2) individual differences between children with unilateral CP that may benefit 
successful training. Below we will elaborate on this.
A first question to ask is: What is the best way to train planning capacities? 
Our results have at least two suggestions regarding this issue. First, in our study 
children with unilateral CP were not explicitly trained on action planning, but still 
planning improved. This is surprising as the training that the children received was
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aimed at practicing/repeating a variety of tasks with the affected arm followed by goal- 
directed task-specific bimanual training, from gross motor skills to fine motor skills 
(Aarts et al., in press). The improvement in planning of the less-affected side, indicates 
that variable practice of motor tasks may be sufficient to improve motor planning 
(Schmidt & Wrisberg, 2000), even without specific motor planning training. It may be 
speculated that the variety of tasks with different complexities that were practiced 
during intervention provides the necessary ballpark of 'hands on experience' to 
improve planning. Stated differently, our study cannot disentangle the necessary 
prerequisites for planning improvement, but variety of task practice is a likely factor. 
Second, we assessed motor planning in the relatively unaffected side, whereas the 
intervention was predominantly focused on the affected side. This finding may suggest 
an intermanual transfer (Gordon et al., 2006a) and points to the fact that action 
planning is higher order cognitive function.
Because motor planning is a cognitive aspect of motor control, the use of 
motor imagery, may be a promising technique to train motor planning in children with 
unilateral CP (Steenbergen et al., 2009). Motor imagery can be defined as the ability to 
mentally perform movements, without over motor output. Mental practice effects are 
thought to be a result of the rehearsing of the cognitive components of the motor task 
(Mulder, 2007). Johnson-Frey (2004a) argued that the observed effects in motor 
imagery can be attributed to experience-dependent changes in higher-level brain 
regions involved in the planning, rather than the execution, of movements. It was 
recently suggested that motor imagery may be used as a 'backdoor' access to the 
motor system, or neural representation of movement (Sharma, et al., 2006). Indeed, 
converging evidence supports the notion that motor imagery training may promote 
general rehabilitation of upper limb function in individuals with subacute and chronic 
stroke (Braun, et al., 2006; Craje et al., in press; Sharma et al., 2006), and in children 
with Developmental Coordination Disorder (Wilson et al., 2002). However, a recent 
review showed that there is still a void in studies on the use of motor imagery for 
improving aspects of upper limb control in children with unilateral CP (Steenbergen et 
al., 2009).
The second issue that warrants further investigation, are individual 
differences related to age, side of lesion or severity of unilateral CP among the 
participants that may affect benefit of planning training. First, in the present study, we 
did not find age-related effects of the training, suggesting that planning improved
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similarly in all age groups. However, we did not measure children older than 6 years. 
As planning is a cognitive process, one might argue that older children may be more 
susceptible to learn planning strategies, and 'the-earlier-the-better' rule may not apply 
in this specific situation. This may be supported by the finding that in control children 
development of planning is not finished until the age of 10 (Thibaut & Thoussaint, 
2010). Second, the side of lesion may play a role. Previous studies have shown that 
planning problems are more severe when the right body side is affected, i.e., left 
hemisphere lesions (Crajé et al., 2009; Steenbergen et al., 2004). One may suggest that 
children who are affected on the right body side have more capabilities for improving 
planning. Finally, the severity of unilateral CP may have an impact on the trainability of 
planning. For example, a recent study of Williams, et al. (2008), showed that children 
with mild DCD are better able to use MI than children with severe DCD (for similar ERP 
results with adults with unilateral CP from our own lab, see Van Elk, et al. submitted).
A final note of caution should be mentioned. As the present study is the first 
to study the potential effects of an existing intervention on action planning in 
unilateral CP it was set up as an experimental trial and not designed as a randomized 
controlled trial. Therefore, we cannot be conclusive about the underlying factor(s) for 
improvement in motor planning. For example, it is possible that the effect can be 
ascribed to the attention that the children received or to the specific tasks trained 
during the training. Also, the group size per age group was relatively small, and 
therefore the interpretation of the results regarding age must be taken with due 
caution. Collectively, these promising results warrant further study. In particular, they 
beg the question as to what extent more specific training may facilitate motor planning 
in these children.
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Compromised motor planning and motor imagery in 
right hemiparetic Cerebral Palsy
Chapter 4
Based on:
Crajé, C., Van Elk, M., Beeren, M., Van Schie, H., Bekkering, H., & Steenbergen, B. 
(2010). Compromised motor planning and motor imagery in right hemiparetic cerebral 
palsy. Research in Developmental Disorders, 31, 1039-1046.
We investigated whether motor planning problems in people with hemiparetic 
Cerebral Palsy (HCP) are paralleled by impaired ability to use Motor Imagery (MI). 
While some studies have shown that individuals with HCP can solve a mental rotation 
task, it was not clear if they used MI or Visual Imagery (VI). In the present study, motor 
planning and MI were examined in individuals with right HCP (n = 10) and controls. 
Motor planning was measured using an object manipulation task, where participants 
had to anticipate the end of the motor action. MI was measured using a mental 
rotation paradigm, where participants judged laterality of hands presented from a 
back view and a palm view. To test if participants used MI or VI we compared reaction 
times of lateral versus medial rotations, under the assumption that MI is subject to 
biomechanical constraints of rotated hands, but VI is not. The results showed that 
individuals with HCP had a higher proportion of task failures due to inappropriate grip 
choice, exemplifying impaired planning. Second, individuals with HCP did not show a 
reaction time difference between lateral and medial rotations, indicating an impaired 
ability to use MI. These findings show that compromised motor planning in HCP is 
paralleled by an impairment in the ability to use MI. Training of MI may be a useful 
entry-point for rehabilitation of motor planning problems.
1. Introduction
Converging evidence suggests that the motor deficits in people with Cerebral Palsy (CP) 
may not only be related to problems with motor execution, but also to problems with 
action planning (Gordon, et al., 2006; Steenbergen & Gordon, 2006; Steenbergen, 
Verrel, & Gordon, 2007). This action planning deficit may hinder performance in daily 
life not only in the affected hand, but also when using the relatively unaffected hand 
(Steenbergen et al., 2009). Recently, studies examining planning in individuals with CP 
showed that planning problems are more severe when the right body side is affected 
(Crajé et al., 2009; Steenbergen & Van der Kamp, 2008), which corroborates 
neuroimaging studies showing a left hemisphere dominance for action planning 
(Haaland & Harrington, 1998; Haaland et al., 2000; Schluter et al., 1998, 2001).
Action planning can be defined as the ability to anticipate the upcoming 
action when preparing a movement towards an object. This ability is especially
Abstract
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important in sequential movements, where an object is grasped in order to do 
something with it (Gentilucci et al., 1997; Johnson-Frey et al., 2004; Marteniuk, et al., 
1987). For example, when grasping an upside down placed cup to pour coffee in it, 
most people will use a relatively uncomfortable supinated grip to grasp the cup. 
However, at the end of the movement, i.e., after rotation, the cup is held with a 
comfortable (pronated) grip. This preference of people to adapt the initial posture in 
order to end movements in a comfortable posture has been denominated as the 'end 
posture comfort effect' (Cohen & Rosenbaum, 2004; Rosenbaum et al., 1992).
Action planning in individuals with hemiparetic CP (HCP) has only recently 
gained attention. Mutsaarts et al. (2005, 2006) investigated action planning in 
individuals with HCP, by measuring performance of the unaffected hand. In these 
studies, participants were instructed to rotate a six-sided knob either 60°, 120° or 180°, 
in a clockwise or a counterclockwise direction and they were free to choose how they 
grasped the knob initially to fulfil the task. Especially in the 180° condition, it was 
necessary to select an appropriate grip type in order to fulfil the task, because an 
inappropriate start grip would make it biomechanically impossible to complete the 
180° degrees movement. In these critical conditions, HCP participants often (in about 
50% of the trials) failed to perform the task, due to an erroneous initial choice of grip 
type. Instead of adapting the initial grip to the task constraints, the HCP participants 
chose to start the movement with a comfortable start posture. This finding suggests 
that only the first movement towards the object was planned, but not the end of the 
movement, indicating impaired forward planning.
Recently, it is suggested that Motor Imagery (MI) may play an essential role in 
action planning (Decety, 1996; Deconink et al., 2008; Maruff et al., 1999; Steenbergen 
et al., 2009). MI is the ability to mentally perform a movement without overt 
movement execution (Jeannerod & Frak, 1999; Mulder, 2007). As MI reflects the 
representation of an inhibited motor plan, it has been suggested that motor planning, 
which involves making a prediction about the future state of a movement, and MI are 
closely related processes (Johnson, 2000; Mutsaarts et al., 2006). Johnson proposed 
that 'MI may actually contribute to solving the problem of movement selection, a 
major component of constructing a premotor plan' (Johnson, 2000, p64). In this 
respect, Johnson et al. (2002) found that similar areas in the posterior parietal cortex 
were active during end posture planning and during MI.
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MI is often measured using a mental rotation paradigm: pictures of hands (or 
other body parts) are presented in different orientations and participants have to 
make a laterality judgment, that is, decide whether a left or a right hand is presented. 
Several studies have shown that the time to judge hand laterality is similar to the time 
needed to execute a corresponding movement, i.e., reaction time increases as a 
function of rotation angle (Johnson, 2000; Mutsaarts et al., 2007; Parsons, 1994). 
Crucially, if participants indeed use MI to solve the task, that is mentally rotate the 
hands from a 'first-person' perspective, then reaction times should be longer for 
stimuli that are rotated laterally than for medial rotations as the latter are easier to 
perform. This was indeed found in studies using this paradigm (De Lange et al., 2006; 
Parsons, 1994; Ter Horst et al., 2010). As an alternative, participants can use Visual 
Imagery (VI) to solve the task. When using VI participants rotate the picture from a 
'third-person' perspective, instead of rotating their own hand. Thus, based on the RT 
profile per se (RT increase with increased angle of rotation of the stimulus) it cannot be 
concluded how participants solve the task, i.e., using MI or VI. A critical, and sensitive, 
method to dissociate if participants use a VI or a MI strategy, is to compare the 
reaction times between conditions where the hands are rotated in a medial direction 
(i.e., towards the body midline) with rotations in a lateral direction (i.e., away from the 
body midline). Biomechanically, rotating your hands in a medial direction is easier than 
rotating your hands laterally. As a result, when participants use MI to perform the 
mental rotation task, reaction times should be longer for lateral rotations than for 
medial rotations, as the latter are easier to perform (De Lange et al., 2006; Parsons, 
1994; ter Horst et al., 2010). Therefore, in our analysis, we will specifically focus on 
difference in reaction time between medial and lateral rotations.
The ability to use MI in individuals with HCP has only received very limited 
attention and the existing data are inconclusive. Mutsaarts et al. (2007) investigated 
MI in individuals with left and right HCP using palm view pictures of hands. Results 
showed a linear increase in reaction time as a function of rotation angle in participants 
with left HCP, but not in individuals with right HCP. Mutsaarts et al. concluded that MI 
was impaired in the right HCP group, but not in the left HCP group. However, in a 
follow-up study of Steenbergen et al. (2007a), where only pictures of hands from a 
back view were used, a linear RT increase was found for individuals with both left and 
right HCP. As there was no asymmetry in responses to hand stimuli of the left and right 
hand, Steenbergen et al., concluded that these participants may have used an
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alternative strategy to solve the mental rotation task, i.e., VI. In essence, both studies 
differed with respect to the view of the displayed hands (palm and back view, or only 
back view). Importantly, in a recent study, Ter Horst, et al. (2010) showed that palm 
view stimuli more directly elicit MI, while back view stimuli resulted in VI. This facet of 
the stimulus set may have caused the difference among both studies. Moreover, as in 
both studies no comparisons between medial and lateral rotations were made, it could 
not be established whether participants indeed used MI or VI.
The aim of the present study is to examine motor planning and MI capacities 
concurrently in adults with HCP. Ten participants with right sided HCP (left 
'unimpaired' hand), and 10 control participants performed two tasks: a motor planning 
task and a MI task. Participants with right sided HCP were included as previous 
research consistently showed a planning disorder in this group. For the planning task, 
we used a paradigm similar to Mutsaarts et al. (2005, 2006), where participants had to 
rotate a hexagonal knob over 60°, 120° and 180°. Performance was measured in the 
relatively unaffected hand, as it may be impossible to perform the tasks with the 
affected hand and therefore the results would have reflected motor execution 
problems instead of motor planning problems. Consistent with Mutsaarts et al., we 
measured the proportion of task failure to evaluate planning. Based on the findings of 
Mutsaarts et al. (2005; 2006) we expected to find more task failures in the HCP group. 
For the MI task we used a mental rotation task with hand pictures from a back view 
and from a palm view, to investigate whether stimuli rotations over 1 or 2 axes results 
in different strategies to solve the task, i.e., MI or VI. Crucially, when MI is used to 
solve the task we expect to find a reaction time difference between the lateral and 
medial rotated stimuli.
2. Methods
2.1 Participants
In total 20 individuals participated in the study: 10 participants with the diagnosis HCP 
at the right body side (6 male, mean age 19.1 y/m, SD 0.9 y/m) and 10 right handed 
age-matched control participants (5 male, mean age 22.2 y/m, SD: 2.1 y/m). All 
participants had normal or corrected to normal vision. The participants with HCP were 
recruited via a school of special education and via the Dutch society of parents of
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physically disabled children ('BOSK'). As a consequence, only limited information about 
the brain pathology was available. To get a good clinical picture of each participant we 
assessed severity of the hand function impairments by the Box and Blocks test 
(Mathiowetz et al., 1985) and the Purdue Pegboard test (Tiffin, 1985). Both tests were 
performed with the affected hand and the unaffected hand, and the ratio between the 
scores of both hands gives an indication for the severity of hand function impairment 
(see Table 1 for participant information). Thus, a score near 0 exemplifies a strong 
difference among the impaired and unimpaired hand indicating a severe paresis, 
whereas a score closer to 1 indicates that hand function among both hands is similar. 
Participants received money or course credit for their participation. All participants 
gave informed consent prior to the experiment. The study was approved by the local 
ethics committee, in accordance with the 1964 declaration of Helsinki.
Table 1
Participant information
Part Age (y/m) Sex Box and Blocks Purdue Pegboard
AH UH Ratio AH UH Ratio
1 18.8 M 20 69 0.29 4 28 0.14
2 19.3 F 11 76 0.14 0 31 0.00
3 17.5 M 9 63 0.14 0 20 0.00
4 19.2 M 33 49 0.67 2 23 0.09
5 20.11 M 26 49 0.53 0 30 0.00
6 17.8 F 18 47 0.38 0 32 0.00
7 21.11 M 60 57 1.05 23 22 1.05
8 17.8 M 60 56 1.07 20 27 0.74
9 19.3 F 16 49 0.33 0 28 0.00
10 15.7 M 56 47 1.20 21 22 1.05
Note. AH = Affected Hand; UH = Unaffected Hand; Ratio = (score AH)/(score UH)
2.2 Material and procedure
Planning task Participants were comfortably seated at a chair in front of a table. On the 
table the device with the hexagonal knob was placed (see Figure 1A). The device
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consisted of two main parts: a wooden background disk (diameter 40 cm) with 6 LEDs 
on it and the hexagonal knob (diameter 11 cm, depth 6 cm) that was mounted in the 
centre of the disk. The knob could freely rotate on the vertical axis (see Mutsaarts et 
al., 2005; 2006 for details).
Figure 1. Two examples of stimuli used in the experiment. The left picture is a palm 
view left hand with 0° degrees rotation and the right picture is a back right left hand 
with 40° degrees rotation.
Participants were asked to grasp the knob with a full power grip, that is, with 
the fingers at one side of the knob and the thumb on the opposite side yielding 6 
possible ways to grasp the knob (see Figure 1B). Performance was measured in the 
relatively unaffected hand. After performing the experiment, we asked participants 
which grip was most comfortable. Most participants found grip type 3 most 
comfortable. The device was placed as such that it was impossible for participants to 
use grip type 6. Especially in the 180 degrees rotation condition this constraint made it 
important to plan the movement in advance, as a comfortable start posture (grip type 
3) would result in a task failure (see Mutsaarts et al., 2006).
A typical trial had the following sequence. First, participants pressed the 
button of a button box and waited until the LEDs were switched on. The LEDs were 
switched on to indicate the rotation angle that had to be made and in which direction 
the knob had to be rotated. Participants were instructed to release the buttonbox 
after they had made a decision how to grasp the knob. Then, they grasped and rotated
/
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the hexagonal knob in the instructed direction and rotation angle. During the 
experiment 6 rotation angles were used: 60°, 120° and 180° clockwise (CW) and 60°, 
120° and 180° counterclockwise (CCW). Every rotation angle was repeated 10 times 
resulting in 60 trials. Before the experiment started 10 practice trials were performed. 
In total the experiment took about 15-20 minutes to perform. As dependent variables 
we measured the proportion task failure (i.e., the proportion of trials that ended with 
grip type 6).
MI task Participants were comfortably seated on a chair positioned in front of a table, 
on which a 19' computer screen was placed. The screen was 60 cm in front of the 
participant, which resulted in a visual angle of approximately 2°. Participants were 
instructed to make laterality judgments of the displayed hands (by pressing either a 
left or a right button with resp. the left middle finger or the left index finger), and to be 
as accurate and fast as possible. Reaction time and errors were measured. The 
experiment was controlled by a computer running Presentation 12.2.09 
(Neurobehavioral Systems, Albany, USA).
The stimuli consisted of line drawings of left and right hands, which were 
drawn from two perspectives: back view and palm view (see Figure 2 for examples). 
The palm and back view stimuli were presented in random order. The hand pictures 
were rotated in 10 different orientations (0°, 40°, 75°, 110°, 145°, 180°, 215°, 250°, 
285°, and 320°). Notably, the direction of rotation differs per hand: a 40° rotation is a 
40° medial rotation for the left hand stimuli and a 40° lateral rotation for the right 
hand stimuli. Every stimulus was repeated 10 times resulting in 400 trials. All stimuli 
were presented in random order. Before the actual experiment started, there was a 
practice session of 10 trials. The total experiment took about 30 minutes. The 
experiment was divided in two blocks.
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Figure 2. The apparatus with the hexagonal knob. An arrow is attached to every side 
of the knob and points at the LEDs at the wooden background. The 6 grip types that 
can be used to grasp the knob are shown. Notably, in our experiment grip type 6 was 
not possible.
2.3 Data analysis
Planning task For every participant the proportion of task failures was calculated. The 
proportion 'task failure' was analysed using a repeated measures ANOVA with two 
within factors (Direction: clockwise and counterclockwise; and Rotation: 60°, 120° and 
180°) and one between factor (Group: HCP and control).
MI task Our main research question was to scrutinize the strategy used by participants 
to solve the mental rotation task, either by MI or VI. To answer this question we 
analyzed differences in RT between medial and lateral stimuli of hands in the palm
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view and back view conditions. A difference between RT in lateral and medial 
conditions point to a MI strategy to solve the task, whereas no difference between RT 
in lateral and medial conditions indicates that participants used VI. To investigate 
whether participants used MI to perform the mental rotation task, we compared the 
averaged RT for the lateral and medial rotations. Thus, for both the palm and back 
view stimuli the reaction times were averaged for 40°, 75°, 110° and 145° separately 
for the lateral and medial rotations resulting in 4 RT values per participant: palm view -  
medial, palm view - lateral, back view - medial and back view - lateral. The 0° and 180° 
conditions were not used for analysis, as these rotations cannot be classified as medial 
or lateral. Paired sampled T-tests (with Bonferroni correction, yielding an alpha level 
of .05 / 4 = .0125) were performed separately for the HCP group and the control group.
3. Results
To investigate if the severity of HCP was related to the experimental measures we 
calculated Pearson correlations between the hand function tests (i.e., Box and Blocks 
and Purdue Pegboard) and the experimental tasks: a) planning task (proportion task 
failure) and b) the MI task (the RT difference scores between medial and lateral 
rotations). Regarding hand function, we found a significant correlation between Box 
and Blocks and Purdue Pegboard (r(9) = .963, p < .001). However, no significant 
correlations between hand function and planning and between hand function and MI 
were found.
To test whether planning and MI were related we calculated the correlation 
between the proportion task failure (indicating planning deficits) and the RT difference 
scores between medial and lateral hand stimuli (indicative of MI or not), for the two 
groups separately (see Fig 3). No significant correlations were found. For the control 
group the correlation was .346 (p = .32), and for the CP group .308 (p = .40).
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Figure 3. Scatterplot of the proportion task failures (x-axis) and the RT difference 
scores between medial and lateral rotations (y-axis).
Planning task The proportion task failure, i.e., the proportion of trials that ended in 
posture 6, is presented in Figure 3. A significant effect of Group (F (1,17) = 100.10, p
< .01) was found, indicating that the proportion task failure was significantly higher in 
the CP group compared with the control group. The repeated measures ANOVA 
showed a linear main effect of Rotation Angle (F (2,34) = 6.71, p <. 01), indicating the 
proportion of task failures increased with rotation angle. There was no interaction 
effect of Group x Rotation Angle, suggesting the linear increase was similar in the 
control group and the HCP group. Further, two significant interaction effects were 
found. The significant interaction between Rotation x Direction (F (2,34) = 3.51, p < .05) 
reflected that more errors were made in the 180° CW condition than in the 180° CCW 
condition. The significant interaction between Direction x Group (F (1,17) = 4.92, p
< .05) indicated that the proportion of task failure in the control group (but not in the 
CP group) was higher in the CW conditions than in the CCW conditions.
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Figure 4. The proportion of task failure in the planning task (y-axis) for the different 
rotations (x-axis). Dark grey bars represent the cp group and light grey bars 
represent the control group. Error bars represent 1 SE.
MI task Participants were able to perform the mental rotation task. They made a small 
number of errors: 7% (range: 4%-16%) in the CP group and 5% in the control group 
(range: 2%-11%). One CP participant made more than 50% errors. Therefore the data 
of this participant were excluded from further analyses, as this participant was merely 
guessing. To give an impression of the pattern of reaction times, the reaction time data 
are presented in Figure 6. Notably, an asymmetric RT pattern centered around 180° 
degrees reflects a difference between lateral and medial rotations. For example, for 
the right hand stimuli a rotation angle of 145° represents a 145° lateral rotation, 
whereas a 215° rotation angle represents a 145° medial rotation. For the left hand this 
pattern is the opposite: a rotation angle of 145° represents a 145° medial rotation, 
whereas a 215° rotation angle represents a 145° lateral rotation.
We calculated the averaged reaction times for the lateral and medial 
conditions (i.e., the averaged RT of 40°, 75°, 110° and 145°) in the palm and back view 
conditions, separately for both groups (see Fig 5). Paired sampled T-tests (with 
Bonferroni correction, yielding an alpha level of .05 / 4 = .0125) were performed 
separately for the HCP group and the control group. Thus, for the palm and back view
90
condition separately, the averaged RT of the medial rotations was compared with the 
averaged RT of the lateral rotations. These analyses showed that the difference 
between medial and lateral rotations was only significant in the palm view condition in 
the control group (T (9) = -3.689, p < .01). These findings exemplify that the control 
participants used MI in the palm view condition, but not in the back view condition. 
Our findings suggest that the CP participants were not using MI in either of the 
conditions.
Figure 5. Mean reaction times for the lateral and medial rotations in the palm and back 
view stimuli, separately for the control group and the CP group. Dark grey bars 
represent lateral rotations, light grey bars represent medial rotations. Error bars 
represent 1 SE. * = p<.05
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for hands (straight lines for the right hand stimuli and dotted lines for the left hand 
stimuli). The control group is represented in grey and the HCP group in black. Error 
bars represent 1 SE.
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The aim of the present study was to concurrently examine motor planning and Motor 
Imagery (MI) in individuals with Hemiparetic Cerebral Palsy (HCP) under the 
assumption that disorders in motor planning and MI are paralleled. There were 3 main 
results. First, motor planning was impaired in the HCP group as we found significantly 
more task failures in this group compared to controls. Second, in the mental rotation 
task we found no significant differences between the lateral and medial rotations for 
both the back and palm view stimuli for the CP group, suggesting that these 
participants were not engaged in MI. Taken together, these two main findings confirm 
our assumption. Third, in the control group we found a significant difference between 
lateral and medial rotations (suggesting the use of MI) in the palm stimuli, but not in 
the back stimuli. Below we will elaborate on these results.
Converging evidence indicates that individuals with CP have problems with 
anticipatory motor planning. As MI reflects the representation of an inhibited motor 
plan, it has been suggested that motor planning (which involves making a prediction 
about the future state of a movement) and MI are related processes (e.g., Johnson, 
2000), and as such it is hypothesized that problems with MI may also be present in this 
group (Mutsaarts et al., 2006; Steenbergen et al., 2007a). Previous studies 
investigating MI in CP are not unequivocal whether these participants can or cannot 
use MI. In the present study we used a mental rotation task with pictures of hands 
from a back view and from a palm view perspective. To evaluate whether participants 
used an MI or a VI strategy to solve the task we compared the RTs of the lateral and 
medial orientations, under the assumption that MI is subject to biomechanical 
constraints of rotated hands, but VI is not.
First, in the planning task we found significantly more task failures in the CP 
group, suggesting impaired planning in the CP group. This finding is consistent with 
previous studies that also found impaired planning in individuals with CP (Craje et al., 
2009; Mutsaarts et al., 2005; Steenbergen & Gordon, 2006). The device was placed as 
such that it was impossible for participants to use grip type 6, and accordingly, a task 
failure was scored when participants ended the movement with grip type 6. Especially 
in the 180 degrees rotation condition this constraint made it important to plan the 
movement in advance, as a comfortable start posture (grip type 3) results in a task 
failure (see Mutsaarts et al., 2006). In the CP group, task failures were observed in
4. Discussion
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about 50% of the trials. In the 180 degrees condition a movement ended in a grip type 
6 when participants started the movement with a grip type 3, the grip type that most 
participants denominated as a comfortable grip. The use of a comfortable start grip 
implies a strategy of planning the first movement towards the object, but not the 
upcoming movement, thus impaired planning. This finding is consistent with previous 
findings (Craje et al., 2009; Mutsaarts et al., 2005; 2006) and may be regarded as a 
step-by-step planning strategy (Steenbergen & Van der Kamp, 2004).
Second, in the mental rotation task for the CP participants we did not find 
significant differences between the lateral and medial rotations of hand stimuli). This 
result suggests that they did not use MI to solve the task. Had they done so, then the 
rotation would have been subject to the biomechanics of the rotation and, likewise, a 
difference in RT between lateral and medial rotations would be expected. This finding 
confirms previous findings that have suggested a deficit in the use of MI in participants 
with CP (Mutsaarts et al., 2007; Steenbergen et al., 2007a). Theoretically, MI is 
grounded within motor theories of internal forward models (Miall & Wolpert, 1996; 
Wolpert, 1997). It is argued that these models control movements by predicting the 
future state of the moving limb based on a copy of the motor command, viz. the 
efference copy. Our MI results suggest a deficit in these internal models. Similar results 
were obtained in children with DCD. They were also shown not to be automatically 
engaged in MI when performing a mental rotation task (Maruff et al., 1999; Wilson et 
al., 2004), much like our results with participants with CP. This deficit to use MI was 
denoted as the Internal Modeling Deficit, to emphasize that it reflects an impairment 
in the build-up of internal forward models. Our results suggest that individuals with CP 
have problems with the internal representation of hands. This has repercussions for 
action planning, as action planning involves making a prediction about a future state of 
the hand. For example, in the planning task that was used participants had to predict 
the end posture after knob rotation. In the 180 degrees condition inappropriate 
planning resulted in task failures, which happened in about 50% of the trials in the CP 
group, suggesting impaired planning. As such our study provides direct evidence for 
impaired planning and impaired MI in CP.
At this point it is important to note that the extent to which MI can be used is 
not an 'all-or-nothing' phenomenon. That is, it may be suggested that participants with 
CP can use MI, but that this capacity is less well developed compared to healthy 
control participants. This can be illustrated by our finding that the RT data in the CP
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group for the palm view stimuli show a trend towards a lateral-medial difference, but 
this failed to reach conventional levels of significance. Likewise, using EEG registration, 
we recently showed differential neural activity among mildly and severely affected 
participants with CP (Van Elk et al, in press). Specifically, source localization analyses 
showed increased activity of motor areas during a mental rotation task in the mild 
group as compared to the severely affected participants. Consistent with this, Williams 
et al. (2008) found that MI was more impaired in children with severe Developmental 
Coordination Disorder (DCD), than with mild DCD.
In sum, the impairment in action planning may be promoted by an 
impairment in the internal forward model. These insights open up a new avenue for 
rehabilitation of CP. It is evident that rehabilitation of motor planning disorders must 
operate on these MI impairments (see Steenbergen et al., 2009). In this respect, 
Wilson et al. (2002) examined the effects of MI-training in children with DCD (7-12 
years) on motor skills. The results of this training showed that MI training was equally 
beneficial compared with traditional motor training. Although rehabilitation studies 
that use MI-training for the treatment of developmental disorders are scarce, 
converging evidence in patients with acquired brain damage has shown that MI- 
training may be beneficial for recovery of motor function (Page et al., 2007). The 
results from children with DCD and patients with stroke are promising. Still, until 
present, no studies on the use of MI-training for upper limb rehabilitation in CP have 
been done despite it being a theoretically feasible method to activate the immature 
networks involved in motor control. In fact, MI is proposed to be a backdoor 
mechanism to access the motor system (Sharma et al., 2006). Therefore, for 
individuals with motor planning problems this cognitive MI-training may be useful to 
improve motor skills. However, first research is warranted to investigate if participants 
with impaired MI capacities can learn to use MI.
Finally, an unexpected finding in the control group was the lack of significant 
difference between lateral and medial rotations for the back view stimuli, despite the 
difference for palm view stimuli. This finding suggests that different strategies were 
used for the different hand perspectives: MI was used for the palm view stimuli and VI 
for the back view stimuli. This finding corroborates recent findings from our lab that 
showed that palm view stimuli are more likely to elicit MI than back view stimuli (Ter 
Horst et al., 2010). These findings extend and refine previous studies on mental 
rotation tasks as they exemplify that engagement in MI critically depends on the type
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of stimuli used (here, back view and palm view). Moreover, these findings suggest that 
MI-training is best performed by using palm view stimuli. If only back view stimuli are 
used, engagement is unlikely to occur, and participants may use an alternative strategy. 
However, for MI-training to be effective it is a prerequisite that participants are 
engaged in MI as only then neural networks are active that are similar to those that are 
active during actual movement.
In sum, this study is the first to examine the relation between motor planning 
and MI in individuals with CP. Our results confirm the hypothesis that there is a 
relation between MI and motor planning as we found impaired planning and impaired 
MI in the CP group. Nonetheless, we did not find a correlation between the planning 
and the MU measurements. We think this (null) finding may be due to the low variance 
at the motor tasks. Further research, for example with more challenging motor 
planning tasks, need to be performed to investigate this topic. These findings are an 
important departure point for a promising new way of upper-limb rehabilitation in this 
group of participants (see Steenbergen et al., 2009).
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Is motor imagery training a potential tool for 
rehabilitation in Cerebral Palsy
Chapter 5
Based on:
Steenbergen, B., Crajé, C., Nilsson, D., & Gordon, A.M. (2009). Motor Imagery training 
in hemiplegic cerebral palsy: a potential tool for rehabilitation. Developmental 
Medicine and Child Neurology, 51, 690-696.
Steenbergen, B., Van Nimwegen, M., Crajé, C. (2007). Solving a mental rotation task in 
congenital hemiparesis: Motor imagery versus visual imagery. Neuropsychologia, 45, 
3324-3328
Converging evidence indicates that motor deficits in unilateral Cerebral Palsy (CP) are 
related not only to problems with motor execution, but also to impaired motor 
planning. Current rehabilitation is predominantly focused on alleviating compromised 
motor execution. Motor imagery is a promising method to train the more 'cognitive' 
aspects of motor behaviour, and as such may be effective in facilitating motor planning 
in patients with CP. In this chapter, we first present the specific motor planning 
problems in CP. Second, we present a review of motor imagery and its use in clinical 
practice. In this literature search we found a large number of studies that investigate 
the use of motor imagery training in stroke patients and some studies in children with 
developmental coordination disorder (DCD). Surprisingly, however, no studies in CP 
were found. We argue that it first needs to be established if individuals with CP can use 
motor imagery. Therefore, and third, we present an experimental study in which we 
explored the motor imagery capacities in individuals with unilateral CP. Fourth, we 
provide suggestions for the subsequent necessary steps to be taken before motor 
imagery can be implemented in rehabilitation of upper limb functioning in CP.
1. Motor Planning In Cerebral Palsy
There is converging evidence suggesting that in individuals with unilateral CP not only 
the ability to control movements of the affected arm is compromised, but that the 
capability to be engaged in anticipatory motor planning is also affected. This higher- 
level deficit may, in turn, severely hinder activities of daily living, as these planning 
problems have been evidenced in both the affected and the relatively unaffected arm 
(Steenbergen & Gordon, 2006). As individuals with unilateral CP predominantly use 
their less affected arm to perform actions in daily living, this compromised planning 
ability demands attention in rehabilitation.
Anticipatory motor planning is defined here as the ability to go beyond 
immediately available information and take into account the demands of an upcoming 
task. This is especially important in sequential actions, where an object is grasped with 
a certain purpose. It has been repeatedly shown that people sacrifice comfort of their 
start posture in order to end a movement with a comfortable posture, which indicates 
anticipatory planning (e.g. Rosenbaum et al., 1992). For example, when rotating an
Abstract
98
upside down placed cup most people will use a relatively uncomfortable thumb-down 
start posture to grasp the cup, in order to end the movement with a comfortable (i.e., 
thumb-up) end posture. This 'comfortable end posture' effect has also been found 
during bimanual movement performance (Weigelt et al., 2006).
Several studies have examined motor planning in participants with unilateral 
CP when they had to grasp an object with their less affected hand and subsequently 
perform another action with it (Crajé et al., 2009; Gordon et al., 2006a; Mutsaarts et 
al., 2006; Steenbergen et al., 2000, 2004). Individuals with unilateral CP seem to use a 
step-by-step planning strategy. Thus, instead of planning the entire movement 
sequence, they only plan the first part of the movement (i.e., grasping the object), and 
plan the rest of the movement as the movement unfolds. This pattern was even 
observed when a comfortable start posture resulted in task failure (Mutsaarts et al.,
2005). Compromised motor planning is especially evident in participants with right 
unilateral CP, that is, following left hemisphere damage (Steenbergen et al., 2004), a 
finding that corroborates neuroimaging studies showing left hemisphere dominance 
for action selection (e.g., Schluter et al., 2001).
Presently, upper limb rehabilitation in unilateral CP predominantly focuses on 
facilitating motor execution of the affected arm, either alone (constraint-induced 
movement therapy, Elliasson, et al., 2006; Taub et al., 2004) or together with the less 
affected arm (bimanual training, Charles & Gordon, 2005; Gordon et al., 2007). 
Although sequential actions that demand planning are practiced in these protocols, 
motor planning is not explicitly trained. Instead, the instruction is mainly focused on 
movement execution. As motor imagery is proposed to be important for action 
planning (Johnson-Frey, 2004a), motor imagery training may be a promising addition 
to existing programmes to aid in the current rehabilitation practice.
2. Motor Imagery
2.1 What is motor imagery?
Motor imagery (MI) is an active cognitive process in which an action representation is 
internally reproduced within working memory without motor output (Decety & Grezes, 
1999). For example, imagining stretching out your left hand, without actually doing so. 
Hence, the internal representation of a movement is open to conscious awareness 
while overt execution of the movement plan is inhibited. Numerous studies have
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shown that imagined and executed movements share common neural substrates, with 
the former differing in the magnitude of activation of the shared substrates, which is 
often weaker, and an absence (or suppression) of the final efferent command 
(Crammond, 1997). A recent meta-analysis of neural structures involved in mental 
rotation tasks (Zacks, 2008) showed that brain regions that were consistently activated 
included the superior parietal, frontal and inferotemporal cortex. Studies using 
positron emission tomography (Jackson et al., 2003) and functional MRI (fMRI, 
Hanawaka et al., 2003) have also shown involvement of the premotor cortex, 
supplementary motor cortex, parietal cortical areas and the primary motor cortex. 
Furthermore, studies using transcranial magnetic stimulation have revealed important 
new insights into cortical organization with respect to MI. Most notably, these findings 
suggest that MI may be lateralized. Fadiga et al. (1999) showed that magnetic 
stimulation of the left motor cortex increased corticospinal excitability when 
participants imagined ipsilateral as well as contralateral hand movements, whereas 
stimulation of the right motor cortex revealed only a facilitatory effect induced by 
imagery of contralateral hand movements. These findings, recently replicated by 
Stinear et al. (2006), indicate a pattern of lateralization, with the left hemisphere 
playing a dominant role in MI. Thus, the dominant role of the left motor cortex during 
MI may mirror its role during actual task performance.
Extensive research in cognitive psychology has shown that MI is effective for 
learning and optimization of general motor performance and sport skills (Gentili et al., 
2006). Two meta-analyses have revealed that MI is beneficial compared with no 
practice, but not as robust as physical practice (Feltz & Landers, 1983; Driskell et al., 
1994). As an example, Gentili et al. (2006) compared performing versus imagining, 
pointing to targets in the frontal plane as quickly and accurately as possible. Although 
motor improvement was larger in the physical training condition, the participants in 
the mental training group also had improved their performance after training. 
Specifically, movement duration decreased and peak acceleration increased compared 
with a control group receiving no training at all (for similar findings see Fontani et al., 
2007; Nyberg et al., 2006). The authors conclude that these results show that mental 
training facilitates motor learning. The benefit of mental training has also been shown 
in a sports context (Zijdewind et al., 2003).
One theoretical account to explain the effects of MI training is the cognitive- 
symbolic theory (Feltz & Landers, 1983). The principal idea is that mental practice
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facilitates those skills whose movements involve a symbolic component (rather than 
the 'motor components', like muscle force or physical condition). Mental practice 
effects are thought to be a result of the rehearsing of the cognitive components of the 
motor task. But what aspect of the action is optimized by MI? Johnson-Frey (2004a) 
argued that the observed effects in MI can be attributed to experience-dependent 
changes in higher-level brain regions involved in the planning, rather than the 
execution of movements. In the recent 'planning-control' model of visuomotor 
performance, Glover (2002) made a distinction between planning and execution 
aspects of upper limb actions. Representations responsible for planning are proposed 
to integrate a broad range of visual and cognitive information, whereas on-line control 
is dependent on direct visuomotor processes, without much cognitive interference 
(see also Milner & Goodale, 2008).
These behavioural findings, together with the reported neural underpinnings, 
have two important implications. First, MI may be a suitable tool to train the neural 
network after injury. Second, the planning aspects of an action in particular may 
benefit from MI training. These two facets suggest that MI is a promising technique for 
the rehabilitation of motor planning in CP.
2.2 Motor imagery as training for people with motor impairments: a review
As MI comprises the internal representation of movement without overt 
execution, this specific facet makes MI a method 'par excellence' to study the nature 
of movement representations in individuals with brain injury without potential 
confounds related to disturbed sensory feedback and motor output. More importantly, 
it was recently suggested that MI may be used as a 'backdoor' access to the motor 
system, or neural representation of movement (Sharma et al., 2006). Indeed, 
converging evidence in individuals with subacute and chronic stroke supports the 
notion that MI training may promote general rehabilitation of upper limb function. 
Detailed descriptions of existing studies on the use of MI training for rehabilitation of 
stroke cases and their outcomes have been reported elsewhere in two recent review 
papers (Sharma et al., 2006; Braun et al., 2006). Importantly, the majority of the 
studies discussed in these review papers have shown that mental practice (i.e., MI) 
improves recovery of the upper limb at both the impairment and functional levels in 
stroke subjects. One study showed that improvement was sustained after a 3-month
101
follow-up period (Stevens & Phillips Stoykov, 2003) and that it also generalized to 
untrained tasks (Liu et al., 2004). The review by Sharma et al. (2006) included five 
studies that focused exclusively on MI of upper limb function and rehabilitation after 
stroke. They concluded that motor function of the affected upper limb and found that 
MI training was beneficial compared with a control condition, as shown by improved 
performance on the Fugl-Meyer Assessment of Motor Recovery, the Action Research 
Arm Test and the Motricity Index. The review by Braun et al. (2006) included 10 studies 
that included randomized controlled trials, controlled clinical trials, cohort studies and 
single-case studies. This systematic review found positive evidence for mental practice 
as an additional treatment tool for post-stroke recovery. However, like Sharma et al.,
(2006) these authors noted that general conclusions are limited owing to variations in 
patient characteristics, the nature of the intervention and the outcome measures (with 
respect to both the measurement domain and the timing of measurement).
Positive effects of MI training are not confined to post-stroke rehabilitation. 
Wilson et al. (2002) examined the effects of imagery training in children with DCD (age 
range 7-12y) on motor skill development. The results of this training (one 60 minutes 
session a week for 5 weeks) showed that it was equally beneficial compared with 
traditional perceptual motor training. Thus, even in young children with impaired 
motor coordination, this intervention facilitates motor skills. This begs the question as 
to whether such benefits have been shown for upper limb rehabilitation in individuals 
with CP. To answer this question, we conducted a systematic search of the MedLine, 
PsychLit and PubMed databases for the following key words: (1) motor imagery, or 
mental imagery, or mental training, or mental practice; combined with (2) upper limb 
and (3) rehabilitation. Subsequently, these four sets of three key words were 
combined with (4) congenital and (5) Cerebral Palsy. Strikingly, no studies on the use of 
mental training for upper limb recovery in Cerebral Palsy were found.
In conclusion, it is clear from existing reviews that MI training may be an 
effective adjunct to physical practice for upper limb rehabilitation (Sharma et al., 2006; 
Braun et al., 2006). However, at the same time, our literature search showed that this 
therapeutic intervention has not yet been systematically investigated in participants 
with CP. As stated before, these individuals are not only compromised in movement 
execution with the affected upper extremity, but also have deficits in motor planning 
capacities. As motor planning processes may be regarded as higher level cognitive
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functions, impaired planning may be hypothesized to affect action performance with 
both hands.
Can MI training be used to facilitate motor planning in CP? At present there is 
no empirical evidence supporting or refuting a positive answer to this question. 
Theoretically, it seems fruitful to consider it as a potential rehabilitation method. As a 
first step toward the implementation of MI training in individuals with CP, it needs to 
be established whether this group can perform MI at all. This issue will be described in 
the next section.
3. Motor Imagery In Cerebral Palsy
3.1 Can individuals with Cerebral Palsy use motor imagery?
Until now, MI capability in people with CP was investigated in only one study. 
Mutsaarts et al. (2007) examined whether the ability to use MI is compromised in 
individuals with unilateral CP. Pictures of rotated hands were presented on a screen 
and participants had to make a laterality judgment ('is it a right hand or a left hand?') 
by pressing a corresponding button as quickly as possible. In general, larger stimuli 
rotation angles led to longer reaction times, indicating that the pictures of the hands 
are mentally rotated back to a start position. That this mental rotation takes time is 
evidenced by increased reaction times in the case of increasing rotation angles. 
Notably, Mutsaarts et al. (2007) used stimuli of hands that were depicted from a palm 
view perspective. Thus, in order to make a laterality judgment, two types of mental 
rotations had to be made. In addition to the 'basic' rotation back to the start position, 
hands also needed to be rotated 180° along the longitudinal axis of the forearm. The 
results of this study showed that participants with left unilateral CP and those in the 
comparison group exhibited the typical linear relation between reaction times and 
rotation angles of the pictures, demonstrating the use of mental rotation. However, 
participants with right unilateral CP did not show this linear relation, suggesting an 
impaired ability to use mental rotation. There may be two explanations to account for 
these findings, which we aimed to elucidate with a follow-up study presented here.
First, the compromised ability to mentally rotate the displayed stimuli in right 
unilateral CP may have been due to the incongruency between the posture of the 
displayed stimuli and the hand that was used to make the responses. Specifically, in
103
the Mutsaarts et al. (2007) study the displayed pictures of the hands were rotated 180 
degrees along the biomechanical longitudinal axis of the forearm. Previous studies 
have shown an influence of hand posture congruence on MI performance (e.g., Vargas 
et al., 2004; de Lange et al., 2006). These studies suggest that postural congruency 
between displayed stimuli and responding hand is a critical factor for the laterality 
judgments, the latter being more difficult to make if the posture of the displayed hand 
and the posture of the hand making the response are more incongruent (de Lange et 
al., 2006). It may be suggested that individuals with CP can only use MI in a simpler 
task, where the posture of the stimulus and response hand are congruent. To 
overcome this confounding factor, we ensured postural congruency between the 
displayed hands and the hand making the response in order to find out whether this 
would facilitate the MI ability in participants with right unilateral CP.
A more general and second alternative explanation may be that participants 
were engaged in visual imagery (VI) in order to make the laterality judgments. In VI, 
participants rotate the displayed stimuli from a third-person perspective, instead of a 
first-person perspective. Consequently, in VI rotation is not subject to the 
biomechanical constraints of the rotated hand as is the case for MI (see Parsons, 1994; 
Lust et al., 2006). To test this, we analyzed the data separately for responses to the 
affected and less-affected hand in participants with unilateral CP. If participants were 
indeed engaged in MI we would expect an asymmetry in responding, such that 
responses to a display of the affected hand are slower, as a consequence of the 
inherent biomechanical constraints (Steenbergen et al., 2000, 2004). However, if no 
such asymmetry of responding is present participants likely use VI to solve the mental 
rotation task.
104
In the study presented here, we used stimuli of hands viewed from a back view 
perspective, similar to the posture of the response hand. Consequently, the displayed 
hands needed to be mentally rotated back along only one axis, that is, only back to the 
start position.
Methods: In our study, three participant groups ([1] left unilateral CP, [2] right 
unilateral CP and [3]) a control group, n = 11 for each group) performed a mental 
rotation task. Pictures of rotated hands (from 0° till 340, in angles of 20°) were shown 
on a screen and participants had to make a laterality judgment ('is it a right hand or a 
left hand?') by pressing a corresponding button as quickly as possible. Examples of the 
stimuli are shown in Figure 1.
3.2 Experimental study: Motor Imagery vs Visual Imagery in C P
Figure 1. Examples of the stimuli used in the experiment.
Results The results were were as following. First, the error rates were below chance 
level, indicating that participants were all able to solve the mental rotation task 
accurately. Second, in Figure 2 the reaction times (RT) as a function of rotation angle
2 This section contains a short version of Steenbergen, B., Van Nimwegen, M., Crajé, C.
(2007). Solving a mental rotation task in congenital hemiparesis: Motor imagery versus 
visual imagery. Neuropsychologia 45: 3324-3328. A more detailed description of the 
experiment can be found in the paper.
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are displayed, for the three groups separately. The repeated measures ANOVA showed 
a linear effect of Rotation Angle on reaction time (F (1,30) = 218.3, p < .001). In 
addition, a significant main Group effect was found (F (2,30) = 26.5, p < .001). Post-hoc 
analyses with Bonferroni correction revealed that the RT differences between control 
participants and both the left and right unilateral CP participants were significant (ps
< .001).
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Figure 2. Reaction time as a function of the rotation angle separated for the three 
groups.
No difference was found among participants with left and right unilateral CP. As no 
interaction between the factors Rotation Angle and Group was found, it can be 
concluded that the linear relation between rotation angle and reaction time was 
present for all three groups (see Figure 2). Finally, there was no effect of displayed 
hand. Figure 3 shows the linear relation between rotation angle and reaction time for 
the affected and less-affected hand in participants with left and right unilateral CP, 
respectively. As is evident from Figure 3 and the statistical analysis, there exists no 
asymmetry in responding as a function of hand laterality (thus if the stimulus reflected 
a left hand or a right hand).
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Figure 3. Reaction time as a function of the rotation angle separated for stimuli 
representing the affected and the unaffected hand. Data are presented separately 
for the right unilateral cp group and left unilateral cp group.
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Discussion of the results Our main finding was that all three participant groups showed 
the typical, and significant, linear relation between reaction time and rotation angle of 
the stimulus. Taken together with the small amount of errors that were made, these 
findings suggest that participants were all engaged in the cognitive process of mental 
rotation. These findings are at odds with those found by Mutsaarts et al. (2007), who 
found no linear RT increase in the right unilateral CP group. This finding may be related 
to the task difficulty. In our experiment the posture of the stimulus and response hand 
were congruent (both palm view), whereas incongruent posture of stimulus and 
response hand were used in the Mutsaarts study. Together, these findings suggest that 
individuals with right unilateral CP can perform a mental rotation task, when stimulus 
and response are congruent, but have difficulties with mental rotation when there is 
incongruency between stimulus and response hand.
Second, to dissociate whether participants used MI or VI to solve the mental 
rotation task, we compared the RTs of the unaffected hand and the affected hand. We 
assumed that if participants used a visual strategy, there would be no coupling 
between the displayed picture of the hand and the mental representation of one's 
own hand with its inherent (biophysical) rotation (im)possibilities (Parsons, 1994). As 
we used stimuli of both the affected and less-affected hand we could test this 
possibility. If participants in the present study were engaged in MI, an asymmetry 
should also be evident in the RT pattern among both hands. However, we did not find 
such an asymmetry in responding to stimuli of the affected and less-affected hands, 
suggesting that participants were not engaged in MI to solve the task but rather used a 
VI strategy.
In sum, based on experimental studies (Mutsaarts et al., 2007 and the study 
described above), it may be suggested that individuals with CP may not use MI to solve 
a mental rotation task, in contrast to healthy controls. This finding may indicate that 
individuals with CP have difficulties to use MI. However, it is unclear whether or not 
they actually are unable to use MI. For example, maybe participants with CP would 
have used MI when they were explicitly instructed to do so. So, a necessary 
subsequent step in further research is to investigate if people with CP can learn to use 
MI, and under what task conditions. One way to test if participants with CP can use MI, 
is to instruct participants to use MI (or VI) in a mental rotation task, and measure if this 
results in different reaction time patterns. Also, different paradigms can be used to 
test MI, like mental chronometry or EEG measurements. Finally, we need to
108
investigate if MI training would also facilitates planning, and under what circumstances. 
In the last part of this chapter, we will provide suggestions about how MI training may 
be best applied in individuals with CP.
4. Implications for motor imagery training in CP
From the collective findings, two conclusions can be drawn that have implications for 
the use of MI training in CP. First, MI regarding more complex mental rotations along 
more than one axis, as was the case in the study of Mutsaarts et al., 2007) may be 
difficult for individuals with right unilateral CP (left brain damage). This finding is in line 
with behavioural studies showing that complex sequential action performance is 
compromised in participants with right unilateral CP (Craje et al., 2009; Mutsaarts et al.,
2006). Thus, when complexity of the mental rotation task is relatively high, participants 
with right unilateral CP are not able to make the transformations/rotations that are 
necessary for mental imagery. A similar result was recently found in children with 
severe DCD (scoring below the 5th centile on the Movement Assessment Battery for 
Children) and mild DCD (scoring between the 6th and the 15th centile, Williams et al., 
2008). Whereas the children with severe DCD displayed a general MI deficit, children 
with mild DCD had compromised MI ability for complex tasks only, and not for simple 
tasks. Taken collectively, the results of our studies in CP and those of others in DCD 
suggest that MI training in individuals with CP should (start to) use simple displays and 
movements. Thus, relatively simple movements need to be trained first, and only as 
these movements can be performed, more complex movements can be trained. 
Stimuli that need transformations from multiple axes may severely hinder the mental 
rotation capacity, and consequently an alternative strategy may be used.
Second, an important lesson from these studies is that engagement is crucial 
for MI to be effective (Sirigu & Duhamel, 2001, for a similar argumentation in post­
stroke rehabilitation, Simmons et al., 2008). That is, participants need to rotate stimuli 
from the first person perspective. If participants use such a strategy, similar neural 
networks are active as in actual action performance, which is a prerequisite for MI 
training to be effective. The alternative strategy of VI strategy predominantly activates 
visual areas in the brain.
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MI training is a promising method to train motor skills in people with motor 
impairments, as was suggested by results of clinical studies in subjects with acquired 
brain damage (stroke) and DCD. As such, MI training may be a valuable additional tool 
for rehabilitation in individuals with unilateral CP, especially because it is a 
theoretically feasible method to activate motor networks involved in motor planning. 
At present, the use of MI as a rehabilitation tool has not been explored in this group of 
participants. A first question to ask is whether participants with CP can use MI.
We tested this in an experimental study where participants performed a mental 
rotation task (judge laterality of pictures of hands). We hypothesized that if 
participants were engaged in MI, we would find an asymmetry in responses to the 
affected or unaffected hand, such that responses to a display of the affected hand are 
slower, as a consequence of the inherent biomechanical constraints. The results 
showed no RT difference between the affected and unaffected arm, suggesting that 
individuals with CP do not use MI in a mental rotation task. This finding may indicate 
that individuals with CP have difficulties with MI. However, it is unclear to what degree 
individuals with CP are capable of learning to use MI in different, less complex settings 
or when they receive explicit instructions We provided suggestions how this topic can 
be further investigated.
5. Conclusion
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Determining specificity of motor imagery training for 
upper limb improvement in chronic stroke patients: a 
training protocol and pilot results
Chapter 6
Based on:
Craje, C., De Graaf, C.D., Lem, F.C., Geurts, A.C.H., & Steenbergen, B. (in press). 
Determining specificity of Motor Imagery training for upper limb improvement in 
chronic stroke patients: A training protocol and pilot results. International Journal of 
Rehabilitation Research.
Motor Imagery (MI) refers to the mental rehearsal of a movement without actual 
motor output. MI training has positive effects on upper limb recovery after stroke. 
However, until now it is unclear whether this effect is specific to the trained task or a 
more general motor skill improvement. The present study was set up to advance our 
insights into efficacy of MI training, and the specificity of its effects. We investigated if 
MI training affected the trained hand exclusively, or both hands. Four stroke 
participants received a 15-minutes MI training 4 times a week for three weeks. Hand 
function was measured pre- and post-training using three measurements of increasing 
complexity. Hand function improved after MI training, confirming previous studies. 
Second, we found specific effects of the MI training for two of the three 
measurements. These results suggest that MI specificity is dependent on the 
complexity of the hand function task.
1. Introduction
Upper limb motor impairment is a common deficit after stroke. Approximately 40-45% 
of stroke survivors experience motor problems when using one of their hands after 
stroke, a condition that has major effects on daily life (Dijkerman et al., 1996). In a 
recent study of Galvin et al. (2009), it was examined how people with stroke and their 
interventionists experience post stroke rehabilitation. Results showed that both the 
patients and the interventionists found that people with stroke could benefit from 
more physiotherapy than is routinely provided in the rehabilitation setting. As Motor 
Imagery training is relatively easy to conduct and low in time and costs, MI training 
may provide a promising new (additional) technique to upper limb rehabilitation.
The term Motor Imagery (MI) refers to a mental rehearsal of a movement 
without actual motor output and may be regarded as an off-line activation of the 
motor system in the brain (Johnson-Frey, 2004a). This facet of MI suggests that it can 
be used to train motor performance after stroke (Mulder, 2007). Indeed, positive 
effects of MI training for upper limb improvement have been reported (Braun et al., 
2006; Dickstein and Deutsch, 2007; Sharma et al., 2006; Steenbergen et al., 2009). For 
example, positive effects of MI training after stroke were found after training of 
relatively simple movements like finger sequences (Mueller et al., 2007), wrist
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movements (Stevens, & Phillips Stoykov, 2003), or grasping a cup (Crosbie et al., 2004), 
but also after training of complex tasks of daily life, like putting clothes on a hanger or 
using the telephone (Liu et al., 2004) and walking (Dunsky et al., 2008).
At present it is not clear whether the effects of MI are specific to the trained 
task, or whether it is a more general motor skill improvement. Until now this topic has 
been investigated in participants without neurological damage using Transcranial 
Magnetic Stimulation (TMS). Typically, participants are instructed to imagine a 
particular movement, after which TMS is applied and movement facilitation is assessed 
by measuring Motor Evoked Potentials in peripheral muscles. Some studies reported 
an unspecific effect of MI, that is, imagining moving one digit facilitated the excitability 
of other digits as well (Stinear et al., 2006; Fadiga et al., 1999). In contrast, other 
studies found a one-to-one relationship between the imagined and the performed 
movements (Li, 2007; Rossini et al., 1999).
An important next step in the potential application of MI for rehabilitation is 
to scrutinize the specificity of its effects. Here, we present pilot results in which 
specificity of MI training was assessed on a behavioural level in stroke patients. To that 
aim, we developed a MI training protocol and used this protocol to in 4 stroke patients. 
Our specific research question was: is MI training specific for the trained hand, or does 
performance also improve in the other hand?
2. Methods
2.1 Participants
Four right handed participants (1 male, mean age 61y, range 52y-68y) agreed to 
participate in the study. They were all diagnosed with a unilateral cerebral vascular 
accident 6-30 months earlier (see Table 1 for participant information). Exclusion 
criteria were a) aphasia b) severe cognitive deficits and c) visual field problems (i.e., 
neglect). To measure participants' capability to use motor imagery, we administered 
the Kinesthetic and Visual Imagery Questionnaire (10 questions on a 5-point Likert 
scale; Malouin et al., 2007). The aim of the KVIQ is to determine the extent to which 
individuals are able to visualize and feel imagined movements. First participants have 
to perform an instructed movement (for example moving the thumb to the finger tips, 
or lifting the heel of the foot while the toes stay on the ground). Subsequently,
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participants have to imagine themselves performing the same movement, and 
afterwards indicate the clarity of the visual image (visual imagery) and intensity of 
sensation (kinesthetic imagery). On the visual imagery scale a score of 5 indicates that 
the image was 'as clear as seeing', whereas 1 indicated 'no image'. On the kinesthetic 
imagery score a score of 5 indicates that the image was 'as intense as executing the 
action' and 1 indicates 'no image'. All participants reported they were able to mentally 
represent movements (mean visual imagery score = 1.6, SD = 0.3; mean kinesthetic 
imagery score = 2.0, SD = 0.5). The study was approved by the local ethics committee 
and performed in accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki.
Table 1
Participant information
P Sex e Time
(mo)
Affected
side
Etio­
logy
Bar­
thel
Para
lysis
Sens. Im 
pairment
Spas
ticity
Contrac
tures
1 F 52 8 Left Is 70 4 Unaff. No None
2 F 68 13 Right Is 95 4 Serious No None
3 F 66 11 Left Is 85 4 Serious No None
4 M 61 24 Left Hem 95 2 Unaff. No Mild
Note. The Barthel Index score is a score tha t measures functioning o f daily life activities, w ith  a 
minimum score o f 0 and a maximum score o f 100. Degree o f paralysis was measured using the Medical 
Research Council Scale fo r Muscle Strength, assessed on the forearm  flexor and extensor muscles, w ith 
a minimum score o f 0 and a maximum score o f 5. Sensory im pairm ent was categorized as unaffected, 
mild or serious (practically absent sensibility o f all qualities, e.g., pain, fine tactile  sense, temperature).
Is = ischemic, Hem= hemorrhagic
2.2 Motor Imagery training protocol
Participants received a 15-minutes MI training at home 4 times a week for three weeks. 
The duration of 15 minutes was used to make sure participants could keep 
concentrated during the whole intervention (Dickstein & Deutsch, 2007). Three 
aspects of upper limb performance were trained, with an increasing complexity per 
week. These three aspects were: -week 1- reaching, - week 2- grasping, and -week 3- 
fine dexterity. Every week, different tasks were used to maintain participants' interest 
(Page et al., 2001). The trained movements were related to activities of daily-living to 
make it as easy as possible to imagine the movements (Dickstein & Deutsch, 2007); see
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Table 2 for the tasks used. Participants were instructed to use MI from a first-person 
perspective, as this is most beneficial for MI training (e.g., Simmons et al., 2008).
Table 2
Overview of the Motor Imagery Training per week
Week 1 -  
'reaching'
Week 2 -  
'grasping and 
manipulating'
Week 3 -  
'fine dexterity'
Day 1 (Mon) Pointing at Picking up the Turning a page in a
something in the telephone receiver book
newspaper
Day 2 (Tue) Pressing the button Turning the door Putting money in a
to switch on the handle money box
television
Day 3 (Wed) Pressing the door Turning the water Grasping a pencil
bell tap to write
Day 4 (Thu) Pointing at object Grasping a cup to Placing a match in
on the table drink a match box
Day 5 (Fri) Hand function tests Hand function tests Hand function tests
2.3 Design
Hand function assessments were measured at a pre-measurement and a post­
measurement. To measure if MI training effects were general or specific to the trained 
hand, we measured performance in both the affected hand and the unaffected hand. 
The following three assessments were made:
1) 'Reaching' was measured by a custom made pointing task, where participants made 
reaching movements between dots on a touch screen. The time between releasing the 
first dot and pressing the second dot was measured.
2) 'Grasping' was measured by the Box and Blocks test (i.e., number of blocks 
transported from one box to another in 30 seconds; Mathiowetz et al., 1985).
3) 'Fine dexterity' was measured by the Perdue Pegboard test (i.e., number of pegs 
placed in tight fitting holes in 30 seconds; Tiffin, 1985).
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Changes in hand function were measured using the percentage improvement. This 
percentage was calculated by the formula: (Score Post- Score Pre)/Score Pre. Using 
one-sample T-tests we calculated if the improvement differed from zero (1-tailed).
3. Results
The results of the MI training are presented in Table 3 (individual data) and Figure 1 
(average percentage of improvement).
Table 3
Percentage improvement per participant on reaching, grasping and fine dexterity. 
Positive scores represent improvements compared with the pre measurement, 
negative scores represent deteriorations.
Reaching Grasping Fine dexterity
Participant 1 AH 17 30 28
UH 0 0 23
Participant 2 AH 18 0 -20
UH 0 0 20
Participant 3 AH 50 32 0
UH 1 1 20
Participant 4 AH 1 28 11
UH 0 0 16
Note. AH = Affected Hand, UH = Unaffected Hand
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Fine dexterity
Figure 1. The average percentage improvement for the different upper limb 
measurements reaching, grasping and fine dexterity. Error bas represent 1 SE. * = p
< .07, ** = p < .05
We found significant improvements on the affected (trained) hand for reaching (T (3) = 
-2.164, p <. 07) and for grasping (T (3) = 2.98, p <. 05). Notably, performance on the 
unaffected (untrained) hand did not improve significantly. However, for fine dexterity, 
performance improved significantly in the unaffected hand (T (3) = 15.23, p < .01), but 
not in the affected hand.
4. Discussion
In the present study we investigated specificity of Motor Imagery (MI) training for 
upper limb improvement in stroke patients. We found specific effects of the MI 
training (i.e., hand function improvement in the trained hand only) for reaching and 
grasping, but not for fine dexterity. This suggests that MI specificity is dependent on 
the complexity of the hand function task measured. The finding of an improvement in 
the relatively easy tasks, but no improvement in the more complex motor task may be 
due to training duration. It may be suggested that easy hand function skills are more 
suitable to learn with MI training during a short intervention period. Thus, MI training
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is specific for the affected hand only when simple tasks are trained. These findings 
have implications for the use of MI training for rehabilitation. If MI training in 
rehabilitation is aimed at improving upper limb functioning of the affected hand, 
positive effects on relatively simple hand function task can be expected after a short 
intervention period (i.e., 3 weeks in our study). However for more complex hand 
function tasks a longer training period may be necessary.
The individual results showed that effects of MI training were different among 
participants. In particular, participant 2 did not seem to benefit very much from the 
training. Participant 2 was affected on the right body side (i.e., left hemisphere 
damage), whereas the other participants were affected on the left body side (i.e., right 
hemisphere damage). An explanation for this finding may be that motor problems 
after left hemisphere damage are more severe, corroborating findings of a left 
hemisphere dominance for action planning (Haaland & Harrington, 1998; Haaland et 
al., 2000).
Unexpectedly, we found a significant improvement in fine dexterity for the 
untrained hand. There may be two likely explanations for this finding. First, 
improvements in the untrained hand are expected when MI training is a-specific, thus 
a general motor skill improvement after training. Second, the finding may be due to a 
general learning effect, due to task repetition. Further research is required to 
investigate this topic.
Collectively, the present findings and previous studies in stroke (Braun et al., 
2006; Dickstein and Deutsch, 2007) clearly exemplify the added value of MI training for 
improvement of upper limb functioning. Therefore, further research on the specificity 
of the training effects and the types of tasks to be used is warranted. The protocol that 
is described here can be used for this purpose.
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Discussion
During a day we grasp many objects. In the last few minutes, for example, I grasped a 
pencil to write, I used the computer mouse, I answered the phone and I drank coffee 
from a cup. When making movements like this, we take the end of the action into 
account. For example, a pencil is grasped differently for writing than for putting it aside. 
This adaptation of the initial grip type to the end goal of the action indicates that 
actions are planned in advance. The main aim of this thesis was to investigate different 
aspects of action planning. The thesis was divided in 3 themes: 1) Action planning, 2) 
Action planning in people with unilateral Cerebral Palsy (CP), and 3) Action planning 
and motor imagery. In theme 1, we investigated how visual information is processed 
for action planning (chapter 1). In theme 2 action planning in a group of individuals 
with congenital movement disorders, CP, was investigated (chapters 2 and 3), and, in 
theme 3 we investigated the relation between motor planning and motor imagery, i.e., 
the ability to mentally simulate movements without actually producing the 
movements (chapters 4, 5 and 6). The purpose of this final chapter is to summarize 
the main findings and discuss the results in relation to previous literature. Furthermore, 
suggestions for further research are presented.
Main findings
In chapter 1 it was investigated how typically developing participants process visual 
information for action planning. Therefore, participants grasped a rod embedded in 
the 'rod-and-frame' illusion and inserted the rod-end into a tight hole in a pre-defined 
way. There were two main findings. First, most participants switched between 
pronated and supinated start postures, such that they ended the movement with a 
comfortable end posture. This preference for a comfortable end posture indicates that 
actions were planned in advance. Second, it was found that grip choice was affected by 
the surrounding frame, suggesting that context information was used for action 
planning.
In chapter 2 we investigated the use of visual information for action planning 
in participants with unilateral CP, again using the rod-and-frame paradigm. First, we 
found that action planning was especially impaired in participants with right 
hemiparesis as most of these participants did not switch between different grip types 
at all or they switched in an inconsistent manner. In contrast, the majority of
General Discussion
120
participants with left hemiparesis showed consistent planning of the first part of the 
task. Second, grip choice was affected by the rotated frame in participants that used a 
consistent planning strategy suggesting that the use of visual information in action 
planning was still intact in these participants. However the other participants did not 
use a consistent switching pattern, which may be related to disturbed vision for action.
The first aim of the study presented in chapter 3 was to investigate action 
planning in children with unilateral CP and a control group between 3 and 6 years of 
age. In the control group we found that the proportion end posture planning increased 
with age. However, at age 6 adult-like levels regarding planning were not yet reached. 
The children with unilateral CP showed impaired planning compared with their age 
matched peers. Also, planning did not improve with age. The second aim of the study 
was to examine whether an intervention for children with unilateral CP affected action 
planning. We found that planning improved after the intervention.
In chapter 4 we investigated if impaired motor planning in a group of 
participants with right unilateral CP was paralleled by impaired motor imagery (MI) 
capacities. Participants had to judge laterality of pictures of hands, presented in 
different orientations. To test if participants used MI we compared reaction times of 
lateral versus medial rotations, under the assumption that MI is subject to 
biomechanical constraints of rotated hands. The results showed that the participants 
with right unilateral CP did not show significant reaction time differences between 
lateral and medial rotations (in contrast to control participants), suggesting they did 
not use MI to solve the task.
In chapter 5 we explored the possibilities of MI as a tool for rehabilitation in 
CP. We performed a literature review on this topic that showed that MI is used 
successfully to train motor skills in people with motor impairments: stroke patients 
and in children with DCD. However, we did not find studies in which the use of MI 
training in CP was investigated. We propose that MI might be a valuable tool for 
rehabilitation in CP for two reasons. First, an important advantage of this training is 
that it includes participants that are normally excluded from physical movement 
programmes, owing to limited physical capabilities. Second, mental practice may 
facilitate those aspects of motor control that involve a cognitive component, such as 
motor planning. In chapter 5 we described an experimental study in which MI 
capabilities in participants with left and right unilateral CP were investigated. These 
and other results (see also chapter 4) suggest that MI may be impaired in people with
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CP. We propose that further steps in research are the following. First, we need to 
establish if it is possible for people with impaired MI capabilities to learn how to use 
MI. If this is possible, we need to investigate if, and under what circumstances, MI 
training may facilitate planning.
In chapter 6 we investigated specificity of MI training on improvement of 
upper limb function in stroke patients. Previous studies have shown that stroke 
patients are able to use MI. Participants imagined themselves making movements with 
their affected hand. After three weeks of training we measured hand function of both 
the affected and the unaffected hand. The results showed that the affected hand 
improved on reaching and grasping, but not on fine motor skills. In contrast, 
performance of the unaffected hand did not improve on reaching and grasping, but did 
improve on fine motor skills.
Suggestion for further research
In the last part of this thesis we will discuss the implications of the experimental 
findings and present some suggestions for further research, which will focus on 
hemispheric differences, internal models, and implications for the clinical practice.
Hemispheric differences
In chapter 2 we found that especially participants with right unilateral CP (i.e., left 
hemisphere damage) did not show a consistent switching strategy in the experiment. 
However, these participants did show consistent switching in the pre-measurement. In 
this pre-measurement no contextual visual information was used. Based on this 
difference between the two measurements it may be hypothesized that the additional 
visual context information affected action planning during the experiment. This in turn 
may have resulted in a lack of anticipatory motor planning and suggests that vision for 
action (in casu planning) is differently affected by damage to either the left or the right 
hemisphere. In the recent literature regarding the 'vision for action debate' an 
increasing number of studies have been reported that investigate hemispheric 
differences, both in typically developing participants, as in people with motor 
impairments
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In a study with typically developing participants, it was found that grasping 
movements (i.e., maximum grasp aperture) with the left hand were more sensible for 
the Ebbinghaus illusion than movements with the right hand, in both left and right 
handed participants (Gonzalez et al., 2006). Gonzalez et al. suggest that the left 
hemisphere (controlling the right hand) may be specialized in visuo-motor integration 
during grasping, and as such the left hemisphere may be less sensitive to a visual 
illusion (for similar findings see Adam et al., 2010). In contrast, De Grave et al. (2009) 
did not replicate these findings using the Brentano illusion. Here participants made 
pointing movements towards the ends of the Brentano illusion, either with or without 
seeing their own hand. Participants performed the task with both hands, and no 
differences were found between the two hands. These contradicting findings warrant 
more research into hemispheric differences between left and right handers (using their 
preferred and non preferred hand) in action planning. Importantly, it may be argued 
that in the studies described above (Gonzalez et al., 2006; De Grave et al., 2009) not 
action planning, but on line control was measured. In the various 'vision for action' 
models (Glover, 2004; Milner and Goodale, 2008), it is proposed that different visual 
representations subserve planning and on-line control of action. That is, context 
dependent, allocentric visual information is used for action planning, whereas context 
independent, egocentric information is used for the on-line control of actions. 
Therefore, action planning is expected to be affected by context information, whereas 
on line control is not. As such, more research is warranted into hemispheric 
differences, with a well-defined distinction between action planning and action control.
These proposed hemispheric differences in vision for action may be important 
for people with brain lesions as well, as one may expect that brain damage to one of 
the hemispheres will differently impact vision for action. Until now, this topic has been 
investigated scarcely. In a patient study of Radoeva et al. (2005) it was investigated 
how stroke patients with unilateral brain damage (n = 6) used visual information, 
either for perception and action. The participants had to judge the size of a Mueller- 
Lyer illusion (perception task) or grasp a 3D version of the illusion at the two end 
points (action task). The patients with right-hemisphere damage (n=2) showed a large 
dissociation between the perception and the action task, i.e., the illusion effect was 
larger in the perception task than in the action task. In contrast, the patients with left- 
hemisphere damage (n=4) showed no detectable dissociation, i.e., similar effects on 
action and perception. The authors proposed that the dorsal and ventral streams are
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more interacting in the right hemisphere, and are more dissociated in the left 
hemisphere. As such, a dissociation between perception and action is expected when 
the left hemisphere is involved, whereas no dissociation is expected when the right 
hemisphere is involved. However, as the study of Radoeva et al. included only 6 
patients with brain damage, this issue needs further investigation.
It may be suggested that planning problems are related to an impaired use of 
visual information. As such, it may be interesting to investigate whether an 
intervention focused on using visual information is beneficial for action planning, for 
example, by learning a different gaze pattern. In a recent study in typical participants, 
Van Doorn et al. (2009) reported different gaze patterns depending on whether 
allocentric or egocentric information was needed for task performance. This finding 
suggests that visual processing for action planning and action control is different. A 
recent study of Verrel et al. (2008, see also Steenbergen et al., 2007b) showed that 
gaze patterns during grasping movements were atypical in CP participants. CP 
participants showed increased monitoring of their affected hand. Nonetheless, 
anticipatory gaze patterns (i.e., gaze patterns before movement onset) were not 
different from control participants. In this study, no comparison of gaze patterns 
between left and right unilateral CP were made. As suggested above, the use of vision 
for action planning and control may be different in the left and right hemisphere. 
Therefore it needs to be investigated first whether gaze patterns are different in 
individuals with left or right unilateral CP. Second, it needs to be investigated whether 
people with CP can learn new (that is compensatory) gaze strategies to use visual 
information for action planning, for example by using visual cues. If successful, 
protocols can be developed to implement these strategies in participants with CP.
Cerebral Palsy: an internal model deficit?
The question remains at what level action planning deficits are present in individuals 
with CP. Notwithstanding the fact that impaired use of visual information for action 
planning may be a likely candidate, the evidence for this is scarce thus far. A more 
likely explanation may be related to a deficit in the internal model (Wolpert, 1997; 
Miall & Wolpert, 1996). Internal models have been described in computational models 
of motor control (Wolpert, 1997; Miall & Wolpert, 1996). A simplified version of such a 
computational model is presented in Figure 1. In the model, a motor plan is chosen to
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attain a certain goal. Ideally, a motor plan is chosen that allows a comfortable end 
posture. The motor plan is formed based on an internal model of the movement, i.e., a 
prediction of the movement that needs to be made. After actual movement 
performance, the action is evaluated and the internal model can be updated if 
necessary. Thus, if the action was not successful it may be necessary to choose for a 
different action plan next time. This means that there are two potential points at 
which errors may occur. First, one may not form an appropriate action plan. This may 
be due to problems with internal modelling. That is, a deficit in forming or monitoring 
an internal model of the required movement (see for similar rationale in children with 
DCD, Wilson et al., 2002). Second, it may be suggested that actions are not evaluated 
appropriately, or at least internal models are not updated accordingly. In what follows, 
a suggestion is made how this can be systematically investigated, such that action 
planning impairments in individuals with CP can be better understood.
How can an internal model be measured? An often used paradigm, is the use 
of mental rotation (Lust et al., 2006; Mutsaarts et al., 2007; Wilson et al., 2002, 2004). 
Here, participants have to judge laterality of pictures of hands, under the assumption 
that motor representations in the brain are used to solve this task. The underlying idea 
is that when people are able to imagine rotating hands appropriately, they can imagine 
themselves performing movements. As motor planning involves making a prediction of 
the unfolding of an upcoming movement, motor imagery may be regarded as a 
prerequisite for motor planning. In this thesis and in other studies, mental rotation 
paradigms have been used to evaluate internal models. However, studies using other 
paradigms to measure internal models, like mental chronometry, are necessary to 
affirm the previous findings.
Second, errors may occur at another level: it may be suggested that internal 
models are not updated accordingly. A method to investigate this hypothesis is to use 
an action observation paradigm. Action observation may be seen as a sort of 'external 
motor imagery': in this case, observing an action activates within the observer 
mechanisms similar to those that would be activated if that action was intended or 
imagined by the observer (Prinz, 1997). The existence of a functional equivalence 
between observed, imagined and real actions has been confirmed from functional 
neuroimaging studies conducted in humans (see Molina et al, 2008 for a review). For 
example, De Bruin et al. (2007), showed that error related negativity is not only elicited 
when participants observe their own action errors, but also when they observe other
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people making an action error. It may be speculated that if participants can detect 
errors in action planning of others, that they are able to evaluate actions accordingly, 
but that their own internal model updating fails. Error detection can be studied on a 
behavioural level (for example, by asking participants to judge the quality of the 
movement), but also on the neural level. At this level, error related negativity can be 
measured using EEG.
Figure 2. Computational model (simplified)
Clinical implications: (how) can planning be trained?
A promising finding of chapter 3 was that we found that planning is amendable for 
improvement in children with unilateral CP. An important next question to ask is: What 
is the best way to train planning capacities? In the study described in chapter 3, 
children were not explicitly trained on motor planning skills, although many of the 
tasks practiced during the intervention required some form of motor planning. This 
finding suggests that hands-on experience with a variety of tasks may be beneficial to 
improve planning capacities (see Schmidt & Wrisberg, 2000), i.e., planning was learned 
implicitly. However, as planning is regarded as a cognitive process of motor control, it 
may be argued that explicit training may be especially suitable to train motor planning
126
(Feltz & Landers, 1983). Therefore, research is needed to investigate if planning can be 
trained specifically. One possible method to train planning specifically is by using MI. 
However, an important question is, whether people who have difficulties using MI (as 
has been shown in individuals with CP) can be trained to use MI. Until present, this is 
not known, and as such, this research question has high priority.
How can planning be trained using MI? Wilson et al. (2004) showed positive 
effects on motor skills in children with Developmental Coordination Disorder after MI 
training, using a mental chronometry task. Children were trained on a task in which 
they had to predict the arrival time of a moving dot. The children saw a dot moving 
towards a target location. During the latter part of the trajectory vision of the dot was 
occluded, and the children had to press a button at the moment they thought that the 
dot would have arrived at the target location. During the training, children received 
feedback about their performance. After this training, performance on the Movement- 
ABC improved. In the stroke literature, MI tasks to train hand function often involve 
imagining performing movements (Braun et al., 2006; Sharma et al., 2006). This latter 
method of MI training has not been investigated in children yet, and this topic needs 
further investigation.
As rehabilitation in CP often takes place in childhood, it is important to 
systematically examine the development of motor imagery in children as well as its 
relation with action planning development. For example, how does motor imagery 
develop in typically and atypically developing children? Is the development of motor 
planning paralleled by development of motor imagery? Also, neuroimaging techniques 
may broaden our understanding of underlying mechanisms. For example: are similar 
brain regions active during planning and motor imagery in children with CP? Answering 
these questions may open new avenues to rehabilitation of children with congenital 
motor disorders.
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Nederlandse Samenvatting (Summary In Dutch)
Inleiding
Het belangrijkste onderwerp van dit proefschrift is het (vooruit) plannen van 
bewegingen. Ik heb hierbij gekeken naar grijpbewegingen, zoals het pakken van een 
kopje of een pen. Het proefschrift is opgedeeld in 3 thema's: 1) bewegingsplanning, 2) 
bewegingsplanning bij mensen met hemiplegie en 3) bewegingsplanning en 'motor 
imagery'. Hieronder wordt eerst een algemene theoretische inleiding gegeven. Daarna 
volgt een samenvatting van de resultaten per thema. Ten slotte worden de conclusies 
van het onderzoek gegeven.
Theoretische achtergrond
Bij bewegingsplanning is het van essentieel belang dat je rekening houdt met het einde 
van de taak. Dus: als je een beweging van te voren goed plant, dan plan je niet alleen 
de beweging naar een voorwerp toe, maar houd je ook al rekening met de beweging 
die daarna nog gemaakt moet worden. In feite moet je dus een 'voorspelling' maken 
van het eind van de beweging en de houding waarin je arm-hand systeem zich dan 
bevindt. Een voorbeeld kan dit verduidelijken.
Stel, je wilt een spijker in de muur slaan om een schilderij op te hangen. Voor 
je op tafel ligt een hamer met de hamerkop naar je toe (zie Figuur 1a). Nu kun je er 
voor kiezen de hamer met een makkelijke/comfortabele greep te pakken (zie Figuur 
1b), maar dan wordt het precies timmeren wel wat problematisch (zie Figuur 1c). Wat 
de meeste mensen dus doen is de hamer met een schijnbaar 
onhandige/oncomfortabele greep pakken (Figuur 1d), zodat ze een goede 
uitgangshouding hebben om de spijker nauwkeurig in de muur te slaan (Figuur 1e). Dit 
fenomeen wordt het 'comfortable end state effect' genoemd (Rosenbaum en 
Jorgensen, 1992). Mensen offeren als het ware het comfort van de beginhouding op 
(vergelijk Figuur 1b met 1d) om de beweging met een comfortabele houding te 
eindigen (vergelijk Figuur 1c met 1e). Dit impliceert dat mensen een beweging vooruit 
plannen. We pakken niet zomaar een voorwerp op met een comfortabele greep, maar 
anticiperen met onze greepkeuze op de vervolgbeweging en het eind van de taak (zie
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ook Johnson-Frey et al., 2004). De greepkeuze, dus hoe mensen een beweging starten 
en eindigen, geeft ons informatie over hoe ze de beweging gepland hebben.
Figuur 3. Motorische planning in de praktijk: het oppakken van een hamer. Figuur 
1a: De beginsituatie: hoe pak ik deze hamer? Figuur 1b: Met een comfortabele 
begingreep? Figuur 1c: Dan wordt het wel lastig timmeren. Figuur 1d: Met een 
onhandige begingreep? Figuur 1e: Dan gaat het timmeren een stuk eenvoudiger!
Planningsproblemen bij mensen met Cerebrale Parese
Cerebrale Parese (CP) is een klinisch syndroom dat primair wordt gekenmerkt door 
stoornissen in de beweging en/of houding, als gevolg van een niet progressieve 
beschadiging aan corticale of subcorticale structuren in het brein. Deze beschadiging 
kan vóór, tijdens of vlak na de geboorte zijn opgetreden (Bax et al., 2006). De 
prevalentie van CP in de westerse wereld ligt tussen de 1.5 tot 2.5 per 1000 levend
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geborenen (Blair en Watson, 2005; Lin, 2006), en het is daarmee de meest 
voorkomende oorzaak van ernstige handicaps bij kinderen (Kuban en Leviton, 1994). In 
dit proefschrift hebben we ons gericht op mensen met de vorm van CP die hemiplegie 
genoemd wordt (wat in circa 35%-40% voorkomt, Colver, 2007). Bij hemiplegie zijn de 
problemen met motorische controle voornamelijk aan één zijde van het lichaam 
zichtbaar. De oorzaak van hemiplegie is meestal schade aan de hersenen die 
voornamelijk in één van beide hemisferen is gelokaliseerd. Wanneer we het over linker 
hemiplegie hebben wordt daarmee bedoeld dat de linker lichaamszijde is aangedaan 
(als gevolg van schade aan de rechter hemisfeer) en vice versa.
In de definitie van CP wordt nadruk gelegd op stoornissen in de uitvoering van 
bewegingen die op hun beurt leiden tot allerlei beperkingen in het uitvoeren van 
activiteiten in het dagelijks leven. Het is daarom niet verwonderlijk dat het merendeel 
van het wetenschappelijk onderzoek bij deze populatie zich op dit aspect heeft gericht. 
Zo is aangetoond dat bewegingen met de aangedane zijde gekenmerkt worden door 
een groter aantal subbewegingen (Trombly, 1992), grotere variabiliteit in de 
handbeweging (Van Thiel en Steenbergen, 2001), teveel of juist te weinig kracht in 
hand en vingers (Eliasson et al., 1992; Gordon et al., 2006b), en een overmatig gebruik 
van de romp (Van Roon et al., 2004). Echter, in de recente wetenschappelijke 
literatuur wordt gesuggereerd dat mensen met een hemiplegie niet alleen 
beperkingen hebben in de bewegingsuitvoering, maar ook beperkingen in de 
bewegingsplanning (Steenbergen en Gordon, 2006). Anders gezegd, acties worden niet 
alleen beperkt door fysieke beperkingen van de aangedane zijde, maar ook door 
hogere cognitieve processen die gerelateerd zijn aan de voorbereiding van de actie. In 
dit proefschrift hebben we verder onderzoek gedaan naar bewegingsplanning bij 
mensen met hemiplegie.
Samenvatting van de resultaten 
Thema 1: bewegingsplanning
Bij het plannen van bewegingen is visuele waarneming een belangrijke bron van 
informatie. In hoofdstuk 1 wordt een studie beschreven waarin we hebben gekeken of 
een visuele illusie invloed heeft op het uitvoeren van een actie. Hiervoor hebben we 
gebruik gemaakt van de zogenaamde 'Rod-and-Frame' illusie: een staaf met een 
vierkant eromheen. Het uitgangspunt van deze illusie is dat de oriëntatie van de staaf
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lijkt te veranderen als het vierkant gedraaid wordt. Onze onderzoeksvraag was of de 
visuele context waarin een object zich bevindt (in dit geval dus het vierkant) effect 
heeft op de grijpbeweging, en dan specifiek het plannen ervan. In het experiment 
moesten proefpersonen de staaf pakken en deze in een bakje zetten (zie figuur 2). Op 
één uiteinde van de staaf zat een sticker geplakt, deze zijde moest altijd naar boven 
worden geplaatst in het bakje. De staaf werd in verschillende oriëntaties aangeboden, 
zodat proefpersonen moesten wisselen tussen verschillende grepen om de taak uit te 
kunnen voeren.
Figuur 4. De experimentele opstelling met de 'rod-and-frame' illusie
Uit de resultaten bleek dat de meeste proefpersonen een voorkeur hadden om de 
beweging te eindigen met een comfortabele greep (met de duim omhoog). Om dat te 
bereiken, wisselden ze tussen verschillende startgrepen. Dus, afhankelijk van de 
draaiing van de staaf gebruikten proefpersonen een onderhandse of een bovenhandse 
greep. De rotatie van de staaf waar proefpersonen wisselden tussen verschillende 
grepen wordt het 'switch punt' genoemd. Uit ons onderzoek bleek dat het 'switch 
punt' verschilde afhankelijk van de draaiing van het vierkant. Dit suggereert dat 
proefpersonen visuele achtergrond informatie gebruiken voor het plannen van hun
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actie. Deze bevinding komt overeen met theorieën waarin een onderscheid wordt 
gemaakt tussen visuele informatie die gebruikt wordt voor het plannen versus het 
uitvoeren (controleren) van acties (Glover, 2004; Milner en Goodale, 1996, 2008).
Thema 2: Bewegingsplanning bij mensen met hemiplegie
In hoofdstuk 2 hebben we onderzocht hoe jongeren (n=22) met linker en rechter 
hemiplegie visuele informatie gebruiken voor het plannen van acties. Hiervoor hebben 
we dezelfde opstelling gebruikt als in hoofdstuk 1 (dus de staaf met het vierkant). De 
resultaten lieten zien dat slechts 3 van de 22 proefpersonen hun bewegingen 
comfortabel eindigden. De meeste proefpersonen (n=10) gebruikten een 
'comfortabele start strategie'. Zij grepen de staaf altijd met een comfortabele 
startgreep, waardoor ze de beweging soms comfortabel en soms oncomfortabel 
eindigden. Kortom, in plaats van het eind van de beweging vooruit te plannen, planden 
zij alleen het eerste deel van de beweging. Het lijkt erop dat zij de beweging stap-voor- 
stap plannen (Steenbergen en Van der Kamp, 2004): eerst wordt de beweging naar de 
staaf toe gepland en daarna pas de beweging die met de staaf gemaakt moet worden.
Er waren twee belangrijke resultaten. Ten eerste gebruikten de 
proefpersonen met een linker hemiplegie vaker strategieën die wezen op vooruit 
plannen, dan de proefpersonen met een rechter hemiplegie. Dit komt overeen met de 
literatuur, waarin gesuggereerd wordt dat de linker hemisfeer een belangrijke functie 
heeft bij bewegingsplanning. Ten tweede had de visuele illusie invloed op het 'switch 
punt' bij de proefpersonen die een consistente strategie gebruikten. Dit suggereert dat 
de proefpersonen visuele informatie gebruiken voor het plannen van hun greep. 
Echter, bij de proefpersonen die geen consistente strategie gebruikten was het 
onduidelijk hoe ze visuele informatie gebruikten voor planning.
In hoofdstuk 3 hebben we onderzocht hoe actie planning ontwikkelt in 
kinderen (3-6 jaar) met CP en een controlegroep. Hierbij moesten de kinderen een 
houten zwaardje pakken en deze in een houten blok steken (zie fig 3). Er werden 
verschillende start oriëntaties van het zwaard gebruikt. We keken of kinderen hun 
greep aanpasten zodat ze de beweging comfortabel konden eindigen. Bij de 
controlegroep bleek dat het percentage grepen waarbij de begingreep werd aangepast 
aan de eindgreep hoger was bij de oudere kinderen in vergelijking met de jongere 
kinderen. Binnen de CP groep was het percentage vooruit geplande trials lager dan bij
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de controle groep. Ook nam het plannen niet toe met de leeftijd, wat suggereert dat 
de ontwikkeling van bewegingsplanning vertraagd is bij de kinderen met hemiplegie.
Start positie 
Figuur 5. De zwaardjes taak
De tweede onderzoeksvraag in hoofdstuk 3 was of het plannen bij kinderen met 
hemiplegie verbeterde na een intensieve interventieperiode van 8 weken. Tijdens deze 
periode werd de 'zwaardjestaak' niet specifiek getraind. Uit ons onderzoek bleek dat 
de planning echter wel verbeterde na de 8 weken interventie. De verbetering was 
meetbaar in alle leeftijdgroepen. Verder onderzoek moet uitwijzen of planning nog 
meer kan verbeteren met een specifieke training. Tevens is het interessant om te 
onderzoeken of er een kritieke leeftijd is waarop kinderen het beste kunnen leren 
plannen.
Thema 3: Bewegingsplanning en 'Motor imagery'
Motor Imagery (MI) is het vermogen om een beweging van je eigen lichaam in te 
beelden en de uitkomst van deze beweging te voorspellen. Onderzoek heeft 
aangetoond dat tijdens het inbeelden van de bewegingen dezelfde hersengebieden 
actief zijn als tijdens de daadwerkelijke uitvoering van de beweging (Sirigu en Duhamel,
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2001). Door sommige onderzoekers wordt de mogelijkheid om MI te gebruiken als 
voorwaarde gezien om een beweging op een juiste manier te plannen en uit te voeren 
(Johnson, 2000).
In hoofdstuk 4 hebben we onderzocht of mensen met rechter hemiplegie MI 
kunnen gebruiken. Dit is onderzocht met behulp van een mentale rotatietaak. Bij deze 
taak werden plaatjes van handen getoond en de proefpersoon moest zo snel mogelijk 
aangeven of het een plaatje van een rechter of een linker hand is (zie Figuur 4 voor een 
paar voorbeelden).
Figuur 6. Voorbeelden uit de mentale rotatie taak
De veronderstelling is dat proefpersonen de handen mentaal terugdraaien naar een 
beginpositie, en daarom zal er een verband zijn tussen draaiingshoek van het plaatje 
en de reactietijd van de proefpersonen. Hoe meer de plaatjes gedraaid zijn, des te 
langer duurt het om ze mentaal terug te draaien, wat weer tot gevolg heeft dat de 
reactietijd wordt verlengd. Echter, er is een complicerende factor. De mentale 
rotatietaak kan op twee manieren worden uitgevoerd, namelijk met behulp van 'visual 
imagery' (VI) of met behulp van 'motor imagery' (De Lange, et al., 2006; Parsons, 1994,
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Ter Horst et al., 2010). Bij VI draai je de hand in je gedachten om en vergelijk je het 
beeld met een plaatje van een hand dat je in je hoofd hebt. Je bekijkt en draait de 
hand dus vanuit een zogenaamde 'derde-persoon-perspectief'. MI, daarentegen, werkt 
vanuit het 'eerste-persoon-perspectief'. Je stelt je voor dat het jouw hand is die 
gedraaid is en je vergelijkt de hand die je ziet met je eigen hand. Het verschil tussen MI 
en VI is vast te stellen door specifieke condities met elkaar te vergelijken. Probeer eens 
je rechterhand met de klok mee (naar buiten toe of lateraal) te draaien en vervolgens 
tegen de klok in (naar binnen toe, of mediaal). Als het goed is, zijn draaiingen naar 
binnen makkelijker dan draaiingen naar buiten. Als proefpersonen MI gebruiken als 
strategie, verwachtten we langere reactietijden bij laterale draaiingen ten opzichte van 
mediale draaiingen. Bij VI verwachtten we geen verschillen in reactietijden tussen 
laterale en mediale draaiingen.
Onze resultaten lieten zien dat bij een controle groep de reactietijden langer 
waren voor laterale rotaties in vergelijking met mediale rotaties. In de hemiplegie 
groep werd geen verschil in reactietijd gevonden. Dit resultaat zou erop kunnen wijzen 
dat kinderen met rechter hemiplegie moeite hebben met het inbeelden van 
bewegingen en dat dit mechanisme een belangrijke rol speelt bij het maken van een 
bewegingsplan. Vervolgstudies zullen moeten uitwijzen of deze kinderen kunnen leren 
om bewegingen in te beelden, en of dit help bij het plannen van bewegingen. Ook de 
ontwikkeling van MI en de relatie met de ontwikkeling van bewegingsplanning is nog 
niet onderzocht.
Hoofdstuk 5 is een review over de mogelijkheden om MI als training te 
gebruiken bij kinderen met hemiplegie. Uit de literatuur blijkt dat MI succesvol is 
gebruikt als methode in de revalidatie bij CVA3 patiënten (Braun et al., 2006; Sharma et 
al., 2006) en bij kinderen met DCD4 (Wilson, 2004). Bij kinderen met CP is deze 
methode nog niet getest in een trainingssetting. We denken dat MI een veelbelovende 
methode is voor de behandeling van kinderen met CP, om twee redenen. Ten eerste is 
deze methode geschikt voor mensen met bewegingsbeperkingen. Immers, voor de 
training hoeven bewegingen niet echt uitgevoerd te worden. Ten tweede werkt MI 
vooral op de symbolische/cognitieve aspecten van het bewegen, zoals het plannen.
3 Cerebraal Vasculair Accident
4 Developmental Coordination Disorder
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In Hoofdstuk 6 wordt een pilot studie beschreven waarin we de specificiteit 
van MI training hebben onderzocht bij 4 CVA patiënten. Na een CVA houdt 80% van de 
mensen last van motorische restproblemen (Dijkerman et al., 1996), en het trainen van 
de handfunctie is een belangrijke taak binnen de revalidatie van deze patiënten. Bij 
deze CVA patiënten met handfunctie problemen zijn al eerder succesvolle resultaten 
geboekt met het gebruik van MI. Binnen de literatuur is het echter niet duidelijk of MI 
specifiek werkt (dus verbetert alleen de getrainde hand), of aspecifiek (algemene 
verbetering).
De proefpersonen in onze studie stelden zich voor dat ze bepaalde bewegingen 
maakten, bijvoorbeeld iets aanwijzen in de krant, op de bel drukken of lucifers in een 
doosje doen. De instructies werden gegeven via een koptelefoon. We hebben in onze 
studie gekeken of alleen de handfunctie van de getrainde hand verbeterde (specifieke 
verbetering) of dat handfunctie van beide handen verbeterde (algemene verbetering). 
De resultaten lieten bij de aangedane hand een verbetering zien bij de relatief 
gemakkelijke bewegingen (reiken en grijpen), maar niet bij de complexere bewegingen 
(fijne motoriek). Echter, voor de niet aangedane hand was dit effect andersom: voor 
de gemakkelijke bewegingen werd geen verbetering gevonden, maar wel voor de 
complexe bewegingen. Onze resultaten laten zien dat een langere trainingsperiode 
nodig is om de meer complexe bewegingen aan te leren in de aangedane hand.
Conclusies
Voor het correct uitvoeren van een beweging is het noodzakelijk om een beweging van 
te voren goed te plannen. Mensen met bewegingsproblemen als gevolg van Cerebrale 
Parese hebben niet alleen problemen met het uitvoeren van bewegingen, maar ook 
met het plannen van bewegingen. Een belangrijke vinding van dit proefschrift is dat 
planning sensitief lijkt voor verbetering bij kinderen met CP. Het inbeelden van 
bewegingen lijkt een veelbelovende methode om planning te verbeteren.
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Ten eerste wil mijn promotor Bert en co-promotor John bedanken. Ik heb jullie leren 
kennen als twee gedreven wetenschappers, beide beschikkend over de fijne 
combinatie van een groot enthousiasme èn een nuchtere kijk op de wetenschap. Bert, 
de meeste begeleiding kwam wel van jouw kant. Ik heb onze samenwerking altijd heel 
erg gewaardeerd, en ik ben de afgelopen jaren vrijwel altijd met plezier met mijn 
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me vaak doen lachen.
Bijzondere dank aan de technische ondersteuning van de Instrumentmakerij en de ERG. 
Of het nou ging om het lenen van de rol duktape tot het maken van vreemde 
opstellingen of het helpen programmeren.... Jullie staan altijd klaar! Ik heb het altijd als 
een enorme luxe ervaren dat ik voor allerlei vragen naar jullie toe kan, en dat jullie 
eigenlijk altijd meteen tijd vrijmaken om te helpen. Ook bedankt dat jullie nooit 
hebben laten merken hoe suf het was als je gewoon een of andere stekker niet goed 
had aangesloten :S. Daarnaast zijn jullie ook belangrijke 'vaste krachten' voor gezellige 
dingen. Jos: met volleyballen, schaatsen en zeilen. Gerard, met jou is het altijd gezellig 
BBQ-en en cool dat je in Groningen mee ging wandelen terwijl de rest nog lag te pitten. 
Pascal, jij bent echt een geval apart (positief). Met jou erbij is het nooit saai. En ook 
nooit stil trouwens ;-). Maar, naast een grote mond heb je ook een groot hart. Je staat
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gaat promoveren, met oog op de avondvullende musical die we over jou kunnen 
schrijven.
Verder dank aan de secretariaten voor alle administratieve/praktische zaken: 
Yvonne, Anne-Els, Lanneke en Mieke, bedankt!
Op het DCC/NICI kwam ik terecht een fantastische groep collega's. De 'NICI-family' 
bleek een actieve club collega's die naast jaarlijkse evenementen (als Sinterklaas, 
zeilweekend -dank Yvonne!-, bokbierproefavond), ook elke dinsdagavond en 's zomers 
tussen de middag ging volleyballen. Ik heb altijd gedacht dat ik niet van de balsporten 
was, maar volleybal blijkt een enorm leuk spel! Volleyballers (Loes, Arjan, Sebo, Mark, 
Sara, Kors, Sasha, Nan, Verena, Pascal & Pascal, Majken, Sybrine, Marlene, Matthias, 
Maaike ), ik heb enorm genoten van volleyballen met jullie, met als hoogtepunt het 
jaarlijkse Mariken volleybal toernooi. Verder waren er altijd wel collega's (volleyballers 
en niet volleyballers), te porren voor vrijdagmiddagborrels, andere sportieve 
activiteiten als tennissen of de Batavierenrace, een mooie wandeling of een city trip 
naar de Noordpool (Groningen). Allemaal, heel erg bedankt voor de fijne tijd, ik mis 
jullie!
Ik heb voor mijn gevoel bijzondere vriendschappen overgehouden aan mijn 
AIO tijd waarvan ik Janneke en Evelien speciaal wil noemen. Lieve Janneke, hoewel jij 
iets meer principes hebt dan ik, kunnen wij het goed samen vinden ;-). Bedankt voor 
de leuke dingen die we samen gedaan hebben (waaronder meedere keren naar de 
Waddeneilanden) en natuurlijk voor de introductie van de sauna in mijn leven en de 
gezellige saunabezoekjes. To be continued! Lieve Evelien, je hebt een moeilijke tijd 
gehad, maar toch sta je altijd klaar voor andere mensen, dat vind ik heel knap! Blijf 
goed aan jezelf denken hoor! Ik moet altijd erg lachen om je relativeringsvermogen en 
ik vind het verhelderend hoe je mensen altijd weet te plaatsen.
Lieve Loes, jij bent degene met wie ik de afgelopen jaren het meest samen in
1 kamer heb doorgebracht. En alsof dit nog niet genoeg was (;-)), gingen we ook nog es 
samen op vakantie (Brazilië, Schotland). Want ja, als je toch op congres bent.. In onze 
kamers B01.31 en later A04.33 waren we (naast dat we meestal natuurlijk hard aan het 
werk waren) een belangrijk zenuwcentrum voor activiteiten die niet direct met werk te 
maken hadden, zoals de TC, het dossier en 'taartacties'. Bedankt voor de fijne tijd met 
veel lol, maar ook in mindere tijden kan ik altijd op je rekenen. Je bent niet alleen een
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Hoewel we niet in hetzelfde huis wonen, voel ik me toch altijd heel erg samen met jou. 
Je staat altijd voor me klaar en weet wat ik denk en .met  jou is het gewoon allemaal 
veel leuker! Jij gaat vast vooruit naar Groningen. Hoewel het nog een jaartje langer 
duurt dan gepland gaan we daar volgend jaar ECHT samenwonen. Ik heb daar heel veel 
zin in!
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